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The G3XMP2 amine inversion studies of aniline and its ortho, para and meta derivatives 
have been studied in a detailed manner.  Both electron withdrawing and electron donating 
substituents have been studied at the ortho, para and meta position to study the 
substituent effect at the respective position. The G3XMP2 amine inversion study of para 
aniline derivative reveals that electron withdrawing substituents at the para position 
imparts additional planarity to the amine group than the parent aniline molecule.  
Flattening of the amine group accompanies with shortening of the C–N bond, with 
corresponding decrease in inversion angle and tilt angle, however it increases the H-N-H 
angle and account for ring opening of the amino group.  On account of the decrease in out 
of plane angle and shortening of C–N bond length, all the electron withdrawing 
substituents have low inversion barrier heights compared to electron donating 
substituents.  Electron withdrawing substituents generally decreases the degree of 
pyramidalization by strong p-π conjugation between the amino and aromatic ring.  The 
strong p-π conjugation consequently causes the C–N bond length to attain sp2 
hybridization with partial double bond character.  Electron donating substituents with 
excess electrons favor the pyramidalization of the amino group.  In case of electron 
donating substituents the C–N bond length increases linearly with inversion angle, tilt 
angle; however it decreases the H-N-H angle and accounts for ring closure of the amino 
group.  Resonance stabilization plays a vital role in the substituent effect of para aniline 
derivatives.  Similar to the para aniline derivatives, ortho substituted aniline and metal 
aniline derivatives experience the same effect for the electron withdrawing and electron 
donating substituent, except the ortho effect or proximity effect for the ortho substituted 
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aniline.  In ortho substituted aniline the substituent attached at the ortho position forms 
intramolecular hydrogen bond with hydrogen atom of the amino group and thereby it 
drastically reduces the inversion barrier height and accounts for the additional planarity 
of the amine group.  Meta substituted aniline do not have remarkable influence on the 
ring distortion and amine group geometry due to the lack of interaction with the π system 
of the ring and absence of resonance phenomenon and thereby it leads to the conclusion 
that the structure and reactivity of the system greatly influenced by the substituent 
position.  In case of N & N, N aniline derivatives, the replacement of amino hydrogen 
atom by electron withdrawing susbstituent like fluorine increases the inversion barrier 
height enormously and makes the ring highly rigid causes acute non planar in structure 
leading to two different conformers, whereas the replacement of electron donating 
substituents makes the ring less rigid and more flexible towards the planar configuration.  
The G3XMP2 amine inversion study of ortho, para and meta substituted aniline has 
disclosed the major fact that substituents have tremendous effect on ring distortion and 
planarity of the molecule.  However the introduction of nitrogen atom into the aromatic 
ring instead of substituting either at ortho or para or meta position makes the ring more 
planar than parent aniline molecule by strong resonance stabilization.  Moreover studies 
revealed the magnitude towards planarity increases as the number of nitrogen atom in the 
ring increases and hence introduction of hetero atom in the ring favors more planarity 
than aniline molecule.  In a novel research the effect of metalloid substituents on aniline 
has been studied in a detailed manner and it reveals that substitution of boron in aniline 
significantly reduces the inversion barrier height and makes the molecule more planar 
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than the parent aniline molecule and thereby it was proved that the metalloid substituent 
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CHAPTER – 1 
1. INTRODUCTION 
The barrier to nitrogen inversion in six membered rings has received a great deal of 
attention from both experimental and theoretical points-of-view, because the amine 
nitrogen present in the amino group deviates from the plane of the aromatic ring.   
Molecular inversion barriers have long fascinated chemists and studies of such 
phenomena are extremely important for the drug interactions with its receptor and 
biological interactions. Recent work on inversion barriers and molecular conformations 
has introduced novel stereochemical concepts to understand the molecular structure.3  
The prediction and understanding of energy changes in a molecule are among the most 
important challenges in chemistry.  Quantum mechanics predicts the change in energy of 
a molecule for every atom in the system.1, 2  The influence of susbstituents on the 
physical and chemical properties of compounds which contain amine group has been an 
important focus in chemistry and hence ab initio quantum-mechanical investigations have 
been carried out to examine the effect of substituents on inversion barrier, structural 
deformation and electronic properties of the aniline molecule. In general substituents alter 
the reactivities, stability and conformational properties of the substituted compounds.   
Eleven substituent groups have been studied at ortho, para and meta position in aniline 
molecule.  Among the eleven substituents groups five electron donor groups (-CH3, NH2, 
-OH, -COOH and -OCH3) and six electron acceptor groups ( -NO2, -NO, -Cl, -Br, -F, -CN 
and –CHO) have been studied. These groups have been substituted at ortho, para and 
meta position of the aniline molecule and it reports alterations in structural, energetic and 
chemical properties induced by the substitution in aniline and an examination of the 
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geometrical parameters after substitution reveals that the distortion in geometrical 
parameters correlated to one another.  On the basis of microwave study5,6 it is known that 
the amino group is non planar lies at an angle between 37° and 46º to the plane of the 
phenyl ring.  Substituents can be expected to alter the out of plane angle, energetic 
inversion barrier and carbon-nitrogen bond length depending on their electron-donating 
and electron-withdrawing influences.  The electronic effects of substituents on 
reactivities have been examined with the aid of the substituent Hammet constants and 
inversion barrier height of the corresponding molecule; it study provides better 
relationship between the energetic inversion barrier and Hammett constants of the 
respective substituents in the aniline molecule.  In addition to the substituents effect on 
the aniline, the effect of N and N,N-aniline substitution has been examined using ab initio 
calculations.  The barrier to inversion and geometry of amine nitrogen atom of the hetero 
aromatic amines has prime importance in the DNA bases like aminopryimidine, 
aminopyridine and aminopyrazine.   It was formerly established that the amino group of 
the DNA bases were planar, but the recent ab initio investigation4 of amino group shows 
that the amino group of the DNA bases are non-planar in nature.  Hence the ab initio 
investigations of nitrogen pyramidalization in the amino group in  pyrimidine, pyridine 
and pyrazine bases provide better description of the amino group in the DNA bases.  In a 
novel method metalloid substituent has been substituted in aniline molecule at ortho, para 
and meta position to study its influence on geometrical parameters of aniline by detailed 
ab initio investigation.   All the ab initio calculations were performed with respect to the 
composite G3XMP2 theory and the results are in excellent agreement with experimental 
values.   
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 CHAPTER 2 
ELECTRONIC STRUCTURE THEORY 
2.1 INTRODUCTION:  
The discipline of computational ab initio quantum chemistry is aimed at determining the 
electronic energies, wave functions of atoms, molecules and other chemical species. 
Computational chemistry may be defined as the application of mathematical and 
theoretical principles to the solution of chemical problems.  Computational chemistry 
with molecular modeling techniques can be classified under three general categories: ab 
initio electronic structure calculations, semi-emprical methods and molecular mechanics.   
Ab initio or ‘first principles’ electronic structure methods are based upon quantum 
mechanics and therefore it provides accurate and consistent predictions for the chemical 
systems.  
 
Semi empirical methods use parameters derived from experimental data to simplify the 
computation techniques.  Molecular mechanics method uses the laws of classical physics 
to predict the structures and properties of molecules.  Molecular mechanics calculations 
don’t explicitly treat the electrons in a molecular system.  Instead, they perform 
computations based upon the interactions among the nuclei. In molecular mechanics 
electronic effects are implicitly included in force fields through parametrization.  This 
approximation makes molecular mechanics computations quite inexpensive and allows 
them to be used for very large systems containing many thousands of atoms.  However it 
carries its own limitations; neglect of electrons leads molecular mechanics methods 
cannot treat chemical problems where electronic effects predominate.   Molecular 
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properties which depend on subtle electronic details are also not reproducible by 
molecular mechanics methods.  
 
2.2 AB INITIO MOLECULAR ORBITAL THEORY:   
Ab initio molecular orbital theory is concerned with predicting the properties of atomic 
and molecular systems.  It is based upon the fundamental laws of quantum mechanics and 
uses a variety of mathematical transformation and approximation techniques to solve the 
fundamental equations.  Electronic structure methods use the laws of quantum mechanics 
rather than classical physics as a basis for their computations. Quantum mechanics states 
that the energy and electronic properties of a molecule may be obtained by solving the 
time independent Schrödinger equation as follows, 
H (r ) = E (r )                                                                                     --------------- (1) Ψ Ψ
In the above equation where E is the energy of the particle and H is the Hamiltonian 





8π                                                                                   ----------------  (2) 
In this equation, is a wave function which represents  the positions of the electrons and 
the nuclei within the molecule, which is denoted as (r) and the Hamiltonian (H)  is made 
of up of kinetic and potential energy (V) in which the particle is moving under the 
potential field.   Although there is no exact analytical solution to the time independent 
molecular Schrödinger equation (1) for systems containing more than one electron, 
approximate solutions can be obtained by using standard numerical techniques.  The 
approach of all ab initio techniques is to build total wave function from a basis set of 
mathematical function reproducing critical properties of the system. There are two major 
Ψ
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classes of electronic structure methods namely semi empirical methods and ab initio 
methods.  Ab initio methods compute solutions to the Schrödinger equation using a series 
of rigorous mathematical approximation7.  Semi empirical methods and ab initio methods 
differ in computational cost and accuracy of the result.  Semi empirical calculations are 
relatively inexpensive when compared to the standard ab intio methods. It provides 
reasonable qualitative descriptions of molecular systems and quantitative predictions of 
energies and structures for systems where good parameters exist.  In contrast to the semi 
empirical method, ab initio computations provide accurate quantitative predictions for a 
broad range of systems and paramount importance of this method is to compute the 
energy of a particular molecular structure.8     
 
The phrase ab initio implies to an attempts to solve the Schrödinger equation from first 
principles, treating the molecule as a collection of positive nuclei and negative electrons 
moving under the influence of coumblic potentials and not using any prior knowledge 
about the species chemical behavior.   However, it takes account of physical constants 
such as (i) the velocity of light, (ii) the masses and charges of electrons and nuclei and 
(iii) Planck’s constant.   Rapid development of hardware and software at the end of the 
eighties led to a revolutionary effect on the computational chemistry in the biodisciplines 
and as a consequence ab initio techniques are mainly applied to study the weak molecular 
interactions of nucleic acid bases and their complexes9 to unearth the ambiguity structure 
of DNA.  Ab initio quantum chemical method primarily based on the solution of time-
independent Schrödinger equation without any empirical procedure and parameterization; 
hence it provides accurate description for the chemical system under study. Despite ab 
 18
initio techniques still includes various approximations: separation of nuclear and 
electronic motion [Born – Oppenheimier approximation, meanwhile it neglects the 
relativistic effects and concept of molecular orbitals].  Mostly, the molecular orbitals are 
approximated by the linear combination of atomic orbitals (LCAO – MO method).  The 
coefficients of such a combination are calculated by a variational method in which the 
best one-electron function molecular orbitals are obtained by minimizing the electronic 
energy of the molecular system (for a given set of atomic orbitals).  The total electronic 
energy of the HF system and the coefficients of the LCAO approximation are calculated 
iteratively by the SCF method.  The SCF calculation is carried out for fixed positions of 
the nuclei of smaller systems and for larger systems it requires calculations of a vast 
number of integral and this makes the ab initio calculation computationally expensive.  
Geometry optimization is performed by setting up nuclei at a new fixed position and 
involves new calculations of the LCAO coefficients and evaluation of the energy 
derivatives.  The quality of molecular orbitals and calculated molecular properties 
strongly depend on the number of atomic orbitals (size and quality of the basis set of 
atomic orbitals) used.   
 
2.3 MODEL CHEMISTRIES 
Ab initio molecular orbital calculations are specified by‘model chemistries’.  The model 
chemistry includes the choice of method, basis set, the general electronic structure and 
electronic state of the molecular system under study (e.g., charge) and the treatment of 
electron spin.  The level of theory plays a pivotal role in predicting the molecular 
geometry.  Regardless of whether the process of optimization is efficient or not, the final 
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geometry obtained will be based on the prediction of level of theory, which would be 
finally being used to compute the energy of the molecule by single point energy 
calculation.  Each level of theory has its own significance and accuracy.  In order to 
enhance efficiency, the first geometry optimization should be carried out with a lower 
level of theory such as the semi-empirical method.  The crude geometry obtained from 
the lower level of theory (semi-emprical) could be used as the strong base for further 
geometry optimizations by using the higher level of theories leading to the accurate 
calculations.  There are several theories available for the quantum chemical calculations 
which are as follows,  
1. Semi-Empirical methods 
2. Molecular mechanics  
3. Hartree-Fock theory (Self-consistent method)  
4. Density functional theory (B3LYP, BLYP) 
5. Post-SCF method or Electron Correlation method 
6. Compound method or Composite method (G1, G2, & G3 theories) 
 
2.4 SEMI EMPRICAL METHOD:  
Semi empirical methods simplify the computational procedures by using the 
approximations of ab initio techniques and experimental parameters.  This theory limits 
the choice of molecular orbital and it considers only valence electrons.  Several semi-
emprical methods are available and it appears in commercially available software 
packages such as Hyper Chem, CNDO,  INDO, MINDO/3, MINDO, AM1, PM3, 
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Gaussian and Chem3D. Semi-emprical methods are characterized by their differing 
parameter sets. Its characteristics are as follows 
1. Parameterized from the experimental data  or Ab initio data on simple organic 
molecules 
2. Relatively very fast when compared the ab initio calculations 
3. It is useful to get an initial geometry for subsequent accurate calculation 
4. It reports energies as heats of formation rather than the energy from the isolated 
nuclei and electrons. 
5. It is relatively inexpensive compared to the ab initio calculations and it can be 
practically applied to very large molecular systems. 
LIMITATIONS:   
Although it is used for very large systems and has simplified computational procedure, it 
has its own limitations.  This method is applicable only for the systems where parameters 
have been developed for all of their component atoms.   
 
2.5 MOLECULAR MECHANICS: 
Molecular mechanics is the only feasible means to model very large and non-symmetric 
chemical systems such as protein and polymers.  Molecular mechanics is a purely 
empirical method that neglects the explicit treatment of electrons and purely based upon 
the classical laws of physics to predict the chemical properties of molecules.  As a result 
molecular mechanics calculations cannot be used to solve problems such as bond 
breaking or bond formation, where electronic or quantum effects dominate.  It performs 
computations based on the interactions among the nuclei of the atoms.  Electronic effects 
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are implicitly included in force fields through parametrization.  This approximation 
makes molecular mechanics computations quite inexpensive computationally and allows 
them to be used for very large systems containing many thousands of atoms.  However, it 
also carries several limitations as well.  The molecular mechanics force fields in common 
use are as follows,  
AMBER – primarily designed for the study of biomolecules such as proteins and 
nucleotides.   
CHARMM – primarily designed for the study of biological and pharmaceutical 
phenomenon. 
MMx  - (MM1, MM2, MM3, etc.,) – optimized for structural and thermodynamics studies 
of small non-polar molecules.   
OPLS – optimised for reproducing the physical properties of biomolecules in liquid 
solutions. 
LIMITATIONS:  In molecular mechanics, no force field can be generally used for all 
molecular systems of interest.  Neglect of electrons means that molecular mechanics 
methods cannot treat chemical problems where electronic effects predominate to study 
the chemical reactions.   
 
2.6 SELF-CONSISTENT FIELD (SCF) METHOD: 
HARTREE-FOCK THEORY (HF):  The first step in most theoretical approaches to the 
electronic structure of molecules is the use of mean-field models or orbital models.      
The principle underlying the HF theory is it accounts only the columbic electron-electron 
repulsion by integrating the repulsion term and neglects the instantaneous interactions 
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(correlations) between electrons, which is crucial for the description of chemical bond 
formation and as a result the calculated approximate energies are always greater than the 
exact energy.  The energies are expressed in Hartrees (1 Hartree = 27.21 eV).  The steps 
used in a  HF calculation starts with an initial guess for the orbital coefficients, usually 
using a semi-emprical method and this orbital function is used to calculate the energy and 
a new set of orbital coefficients, which can be used to obtain a new set, and so on.  This 
procedure continues iteratively, until the energies and orbital coefficients remain constant 
from one iteration step to the next; this iterative procedure is called the SCF method.  The 
deviation of HF equations for a closed system was first proposed by Roothan and Hall 
and the resulting equations were known as the Roothaan equations or Roothaan –Hall 
equations12.  Unlike the integro-differential form of the HF equations, Roothan and Hall 
recast the equations in matrix form which can be solved using standard techniques and 
can be applied to systems of any geometry of closed shell systems.  In the case of a 
closed-shell N-electron molecule, the restricted Slater determinant contains a total of N/2 
spatial orbitals, each of which is occupied by a pair of electrons with opposite spins. The 
initial step in solving the HF equations is to integrate over the spin coordinates and 
rewrite the equation in terms of only the spatial orbitals.  The Roothan-Hall equations12 
although applicable for closed shell systems, it is not applicable to open-shell systems 
which contain one or more unpaired electrons.   Two approaches have been devised to 
treat open-shell molecules.  The first of these is spin-restricted HF (RHF) theory which 
causes combination of singly and doubly occupied molecular orαbitals.  The doubly 
occupied orbitals use the same spatial functions for electrons of both α and β spin.  The 
alternative approach is the spin-unrestricted HF (UHF) theory, which uses two distinct 
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sets of molecular orbitals one for electrons of  α spin and the other for electrons of β spin.   
Both RHF and UHF methods are illustrated with specific examples are as follows, 
1. Closed shell molecule: It refers to the molecule which contains only the paired 
electron (e.g carbon monoxide (CO), where the all the 14 electrons are paired.).  It 
is known as RHF method. 
2. Open shell molecule: Open shell molecules are those molecules which contains an 
unpaired electron. Example for the open shell molecule is nirtogen monoxide 
(NO) out of 16 electrons only 15 electrons are paired and one electron remain 
unpaired which is denoted as UHF method. 
ADVANTAGES:  
The HF method breaks the many-electron Schrödinger equation into much simpler one 
electron equations.  Each electron in Schrödinger equation is solved to yield a single-
electron wave function, called an orbital and its energy is called an orbital energy 
CHARACTERISTICS OF SCF THEORY:  
1. It solves the Schrödinger equation from the first principles (Ab initio) 
2. It uses self-consistent field 
3. It is variational  
4. Good base level theory for geometries and frequencies 
5. Relatively robust compared to the post HF methods 
6. Approximation for electron positions, thereby neglects the electron correlation, 
which is the main limitation of this method.  
7. It can also be used for computing the structures and vibrational frequencies of 
stable molecules and transition states of small molecules.    
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LIMITATIONS: 
The HF theory  fails to adequately represent electron correlation. In the SCF method the 
electrons are assumed to be moving in an average potential of the other electrons and so 
the instantaneous position of an electron is not influenced by the presence of a 
neighboring electron.   Neglect of electron correlation has been blamed for systematic HF 
errors such as under estimated bond lengths and overestimated vibrational frequencies of 
the molecules.   
 
2.7 ELECTRON-CORRELATION METHOD (OR) POST SCF METHOD: 
HF theory is single particle approximation and therefore cannot adequately treat the 
correlated motion of the electrons that occurs due to electron-electron interactions. 
Calculations added to HF-SCF theory to find a remedy for the above mentioned errors are 
termed ‘electron correlation’ or post-HF methods. The term “electron correlation energy” 
is usually defined as the difference between the exact non relativistic energy of the 
system and the HF energy.14   
There are three general types of electron correlation treatments are available which are as 
follows,  
1. Configuration Interaction (CI) methods 
2. Moller-Plesset (MP) perturbation theory and 





2.8 CONFIGURATION INTERACTION:  
Among the many schemes introduced to overcome the deficiencies of the HF method, the 
most simple and general technique to address the correlation problem is the method of 
CI15.  A HF wave function of molecule has one determinant; therefore it can describe 
only one electronic configuration in a molecule and hence HF theory cannot predict 
dissociation of the simplest molecule.  A configuration interaction wave function is a 
multiple-determinant wave function.  This is constructed by starting with the HF wave 
function and making new determinants by promoting the electrons from the occupied to 
unoccupied (virtual) orbital of higher energy.  CI methods incorporate excited state 
configurations into the wave functions by constructing new determinant from the original 
HF determinant.   
 
The number of replacements within the determinants designates the level of CI.  CI 
calculations are classified on the basis of number of excitations used to make the 
determinant.  For instance, if only one electron has been removed for each determinant, it 
is called CI single excitation (CIS) calculation.   A CIS calculation corresponds to single 
excited state of the molecule, but do not change the ground state energy.  Hence single 
and double excitation (CISD) calculation yield ground state energy that has been 
corrected for correlation.   Triple excitation corresponds to (CISDT); these calculations 
are used only when higher accuracy of calculation is desired.   The theoretical limit of 
this expansion leads to FCI, consequently which forms the molecular wave function as a 
linear combination of the HF determinant and all possible substituted determinants.  FCI 
is the most complete and non-relativistic treatment of the molecular system, within the 
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limitations imposed by the basis set. Clearly, FCI results are not practical for many 
electron systems with large basis sets.  However the FCI do provide “exact” solution for 
small molecules with limited basis sets16.   In order to turn the FCI equations into 
practical equations which can be applied to a much wider variety of problems, truncation 
of the configuration space is necessary, leading to limited CI techniques.  The most 
common treatment of CI  is accompanied with all single and double excitations (CISD)17  
where triple and quadruple  excitations are completely neglected.  Single excitations 
contribute relatively little to the correlation energies, though they appear to be important 
for accurate evaluation of molecular properties, whereas double excitations contribute 
dominantly to the electron correlation energies.   
 
The CISD method is an iterative technique where the computational dependence of each 
iteration technique scales as the sixth power of the size of the system.  The variational 
nature of the CI method also makes the analytical evaluation of the energy derivatives 
considerably simpler.18 The CISD method has thus been used to evaluate a wide range of 
molecular properties such as geometries, vibrational frequencies, dipole moment, etc19. 
However all the advantages of the CISD method are offset by its major deficiency such 
as CISD energy is not size consistent.  The energy does not scale linearly with the size of 
the system and CISD energy is not additive for infinitely separated systems.  Many 
correction schemes have been proposed to correct the CISD energies for this lack of size 
consistency.  Such corrections are easily justified by considering the contributions of 
quadruple excitations in a simple fourth order perturbation expansion of the electron 
correlation energy.   
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2.9 PERTURBATION THEORY: 
One of the most common treatments of electron correlation is based on perturbation 
theory.  Moller-Plesset (MP) or many body perturbation theory20 treats the electron 
correlation as a perturbation on the HF problem.  In the MP scheme, the wave function 
and the energy are expanded in the power series of the perturbation.  It is easily shown 
that the HF energy is correct for first order20; thus perturbation energies start contributing 
from second order.   The common notation used to indicate total energies are denoted as 
MPn21.  Thus, MP2, MP3, MP4, ……denoted the total energies correct to second, third, 
fourth, …..order, respectively.   In perturbation theory, the different correlation 
contributions emerge through their interaction with the starting HF wave function ψ0.  
Since the Hamiltonian contains only one and two electron terms, only single and double 
excitations can contribute via direct coupling to ψ0 in the lowest orders.   
 
However, the self-consistent optimization of the HF wave function prevents direct mixing 
between single excitations and ψ0.  Thus, the second and third order energies have 
contributions only from double excitations, and thus the fourth and fifth-order energies 
have contributions from single, double, triple and quadruple excitations.   The importance 
of the different terms that contribute to electron correlation energies can be judged from 
the order in which they first contribute in a perturbation expansion.  Thus the importance 
of double excitations is immediately obvious from perturbation theory since they are the 
only correlation contributions up to third order.  Single, triple and quadruple excitations 
first contribute in fourth order.   When the MP4 method was first implemented in the late 
1970’s 22, the importance of some of this contribution was not fully recognized.  The 
 28
relationship between MP4 and coupled cluster theory are important factors that 
contributed the development of more accurate correlation methods.  Perhaps the most 
important outcome of the development of the MP4 method was in understanding 
importance of triple excitations.  Perturbation theory truncated at any order is size 
consistent.  The computational dependence increases steeply with the order of 
perturbation theory.   Thus, MP2, MP3, MP4 and MP5 scale as the fifth, sixth, seventh 
and eighth power of the size of the system.  A major advantage of these methods is that 
they are not iterative unlike configuration interaction or coupled cluster theories; however 
these terms can be evaluated using matrix operations and can be vectorized effectively on 
super computers.  MP2 or second order perturbation theory is by far the most applicable 
method for the treatment of electron correlation effects.  Two reasons are cited for the 
wide applicability of MP2 method.   
 
First it is the only method which scales as the fifth power of the size of the system, 
whereas all other correlation methods scales as the sixth or higher power.   Apart from 
the evaluation energy; the evaluation of molecular properties is also efficient for the MP2 
method.  Efficient implementation of the analytical first and second derivatives of the 
MP2 energy53 is now available in popular quantum chemistry programs such as Gaussian.  
Molecular geometries are significantly improved at the MP2 level relative to the HF 
results.23Hence the Hartree Fock energy is the sum of zero and first order energy.  The 
first correction to the ground state energy of the system as a result of electron correlation 
is given by second order perturbation theory; this is called the MP2 method.   The moller-
plesset computation to a second order energy correction is called an MP2 computation 
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and higher order energy corrections are called MP3, MP4 and so on.  The most 
significant advantage of using correlated model is to obtain reliable thermodynamic 
information. (e.g. bond dissociation energies).   The approximation of separation of 
electron motion can be relaxed by using the correlated models.  To correct the electron 
correlation problem, there are two different electron correlation models are available (i) 
Configuration Interaction and (ii). Moller-Plesset method.  In the CI method, the electron 
correlation is considered as the linear combination of HF ground state wave function with 
a large number of excited state configurations, where as in MP method perturbation 
theory is used to correct the electron correlation in many electron systems.  In Moller 
Plesset methods correlated calculations are mostly done with frozen core approximation 
which means that it considers only valence electrons for the electron correlation.  
 
2.10 DENSITY FUNCTIONAL THEORY: 
Traditionally developed and applied to the study of solids, density functional theory24 is 
being increasingly applied to the study of molecules.  In this method, the correlation 
energy (along with the exchange energy) is treated as a function of the three – 
dimensional electron density.  The basic principle behind the DFT is that the energy of a 
molecule can be determined from the electron density instead of a wave function.  The 
two fundamental theorems which underpin all DFT methods were put forward by 
Hohenberg and Kohn.25    Hohenberg Kohn theorem states that the exact ground state 
energy of a molecular system is a function only of the electron density and the fixed 
positions of the nuclei.  In other words, for given nuclear coordinates, the electron density 
uniquely determines the energy and all properties of the ground state.    In the DFT 
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formulation, the electron density is expressed as a linear combination of basis function, 
which is similar to the mathematical form in HF orbital.   The DFT method can also 
compute electron correlation via general functionals of the electron density.  DFT 
methods are attractive because they include the effects of electron correlation – the fact 
that electrons in a molecular system react to one another’s motion and attempt to keep out 
of one another’s way in their model.   Thus DFT methods can provide the benefits of 
some more expensive ab initio methods at essentially HF cost.  While quite successful for 
geometries and vibrational frequencies, the local density functional method is known to 
overestimate binding energies of molecules substantially.26  
 
A wide variety of gradient corrected density functional methods27, 28 have been 
developed, which have been remarkably successful for a range of problems including 
binding energies of molecules.29 The DFT functional partition the electronic energy into 
several components and compute it separately.  The components which arise from the 
DFT functionals are (i) the kinetic energy,  (ii) the electron-nuclear interaction, the 
coulomb repulsion and (iii) an exchange correlation term.   The exchange correlation 
term plays a key role in DFT,  because this  term which accounts for electron-electron 
interaction and which itself divided into separate exchange and correlation components in 
DFT formulations.   There are variety of functionals have been defined, which are 
generally classified on the basis of the way of treating the exchange and correlation 
components.  The following section deals the treatment of various exchange and 
correlation components.  
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2.11 LOCAL DENSITY APPROXIMATION (LDA): 
The simplest approximation to the complete problem is based on the electron density 
called a (LDA).30  LDA calculations have widely been used for bond structure 
calculation, their performance is less impressive for molecular calculations.   A more 
complex set of functionals utilizes the electron density and its gradient; these are called 
gradient corrected methods.  Such a functionals are some times referred to as generalized 
gradient approximation (GGA) functionals in the literature30.  The gradient corrected 
density functional method BLYP is capable of predicting intramolecular bond 
dissociation to within a few kJ/mol, however it under estimates the activation barriers for 
some reactions by neglecting coulomb ‘self-interaction’ of the electrons.  This problem is 
remedied with hybrid method. 
 
2.12 HYBRID METHODS: 
Hybrid methods are those that combine HF self interaction corrections with density 
functional exchange and correlation.  This exchange functional is then combined with a 
local or gradient-corrected functional and it performs hybrid calculations.  The most 
widely used hybrid functional is Becke’s three parameters formulation it is usually 
denoted as B3LYP31 & B3PW91, where PW91 and LYP are gradient –corrected 
correlation functionals of perdew and wang and LYP  as Lee, Yang and Parr31.  Becke 
hybrid functionals are superior to the traditional functional LDA.  B3LYP is most widely 
used for molecular calculation of large molecules, currently DFT results have been good 
for organic molecules whereas for heavy elements the results are not encouraging or for 
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systems known to be very sensitive to electron correlation and also those functional do 
not perform well in the case of problems dominated by dispersion forces.  
 
2.13 QUARDRATIC CONFIGURATION INTERACTION (QCI): 
Quadratic configuration interaction is a technique suggested by Pople et al32.  QCI 
calculation uses an algorithm that it is a combination of the CI and CC algorithms.  The 
prime interest of the QCI is it surmounts the major defect of CISD theory, which 
introduces size consistence exactly in CISD theory.  It can be treated as somewhat 
intermediate between configuration interaction and coupled cluster theory.  The CISD 
method consists of a set of linear equations in the configuration expansion coefficients 
(for single and double excitations) which are solved iteratively.  In the QCISD method 
these equations are modified by the introduction of additional terms such as quadratic in 
the expansion coefficients, which makes the method size consistent.   
 
In addition to the resulting QCISD method, a noniterative treatment of triple excitations 
was introduced, leading to the QCISD (T) technique32 Most popular is the single and 
double excitation calculations on QCISD.  Sometimes triple excitations are also included 
as well QCISD(T).  The T in the parentheses indicates that the triple excitations which 
are included perturbatively.  Both CC and QCI represent a higher level treatment of 
electron correlation beyond MP4 generally providing even greater accuracy.   Both CC & 
CI methods iteratively included the effects of single and double excitation substitutions, 
effectively adding higher order terms than MP4 and can optionally include triple & 
quadruples.  QCI method differs from CCSD in three ways, which is very important for 
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QCI theory.  First, as in the case of the CISD method, the QCISD technique is exact for 
two electrons within the basis set space.  However, unlike CISD, the QCISD method is 
size consistent.  Second, the accuracy of the QCISD(T) method has been well tested by 
extensive applications to a wide variety of molecules.  Third, the correction, formula for 
triple excitations in the QCISD(T) method included a novel feature which makes it more 
accurate than previously proposed formula.   When the QCISD was proposed in 198732, it 
was well recognized that triple exicitations are crucial in deriving accurate correlation 
energies.  It was also realized that iterative evaluation of their contributions was not 
computationally feasible.  As mentioned earlier, the contribution of excitations first occur 
in MP4 through their interaction with double excitations.   
 
Computational schemes had been proposed which included MP4 like term for the 
contribution of triple excitations.33 However in the correction formula for triple 
excitations proposed for the QCISD(T) method, there were two different non iterative 
terms.  While one was analogous to the MP4 term, the other resulted from the interaction 
of triple and single excitations which is analogous to an interaction occurring in fifth-
order perturbation theory.  The success of the QCISD(T) method paves way to solve 
difficult problems such as ozone34 eventually led to the proposal of the analogous 
coupled cluster method.  Very recently, the more computationally demanding QCISD(T) 





2.14 COUPLED CLUSTER THEORY: 
Based on a well founded theoretical structural framework, coupled cluster theory (CCT) 
is steadily increasing its prominence as an effective and accurate technique for the 
treatment of electron correlation effects.36-39  The CC method starts with the exponential 
form of wave function ψ = exp(T)ψ0 where T = T1 + T2 + T3.   The exponential form of 
the operator introduces an efficient way of including the effects of higher excitations and 
also precisely ensures size consistence in the calculated energy.  Today the CC method is 
typically carried out including all single and double excitations (CCSD) with the wave 
function ψ = exp (T1 + T2) ψ0.   The CCSD method is size consistent and exact for two 
electrons within basis set space.   
 
Typically, a set of projection equations – one for the correlation energy and one for each 
of the unknown coefficients in the T operators are used to solve iteratively for the wave 
function and the energy.  As mentioned earlier, the contribution of triple excitations have 
to be included in any quantitative treatment of electron correlation.  The CCSD method is 
exact for two electron correlations but still neglects the important three electron 
correlations.  One possible solution within the coupled cluster theory is to formulate the 
CCSDT method40 with the exponential form of the wave function [ψ = exp(T1 + T2 + 
T3)ψ0]  like CI there are several approximate schemes, referred to as CCSDT –n, were 
devised by Bartlett et al41 to make the calculation tractable. However, all these 
approximate CCSDT –n methods involve the treatment of triples (a seventh order step) in 
an iterative manner.  Such calculations are still too expensive to be generally applicable. 
Based on analogy with MP4 theory, a non-iterative scheme referred to as CCSD+T 
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(CCSD), was proposed but was found to be insufficiently accurate for large systems.   
Finally, in analogy with the QCISD(T)  method, a scheme referred to as CCSD(T) was 
proposed by Ragavachari et al.42 Again the triple correction formula has two terms, one 
each resulting from their interaction with single and double excitations.  Later in 1989, a 
new CCSD(T) method was proposed, the method has remained one of the most accurate 
schemes available to evaluate electron correlation effects43.  In conjunction with the 
relatively large basis sets (spdf or spdfg), the CCSD(T) method has been used to 
investigate the equilibrium geometries, harmonic and fundamental vibrational 
frequencies, heats of formation binding energies, dipole moments, polarizabilities, and 
other electronic properties of a variety of small molecules.  Impressive accuracy has been 
attained for all the above properties.44
 
2.15 COMPOUND GAUSSIAN THEORIES (G-n): 
 The accuracy and range of applicability of single-configuration-based correlation 
techniques can be illustrated by the success of a widely used composite model referred to 
as Gaussian-1 and Gaussian-2 theory45.  G1, G2, etc., theories and other related 
methods46 were developed with the explicit goal of evaluating bond energies, heats of 
formation, ionization energies and electron affinities of atoms and molecules to a 
chemical accuracy (within 1-2 kcal/mol).  In G-2 theory, a sequence of well-defined 
calculations is performed to arrive at the total energy of a given molecular species. G-2 
theory depends on the accuracy of the QCISD(T) correlation treatment and the 
transferability of basis set effects from the perturbation theory.  Initially,  a QCISD(T) 
calculation with a polarized triple zeta basis set, 6-311G(d,p) is performed.  The effects 
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of diffuse of sp functions and multiple sets of polarization functions (2df) are evaluated 
with the MP4 level of theory.  The effects of larger basis sets containing (3df) 
polarization functions on non-hydrogen atoms and (2p) functions on hydrogen are 
evaluated with the MP2 method.  The different corrections are all assumed to be additive.  
Since the basis set convergence is still very slow a “higher level correction” which 
depends on the number of electrons in the system is applied to take into account of the 
remaining efficiencies.  Using such a composite theory but completely defined scheme, 
the atomization energies of a large number of molecules containing first- and second-row 
elements have been calculated with a mean deviation of 1.2 kcal/mol from experiment.  
The accuracy of G2 theory is high enough that in many instances these values have been 
used to correct experimentally derived energies.  Advanced version of Gaussian-n 
theories are available which are G347, G2MP248, G3(MP2)49, G3X(MP2),59 G3X and 
G3XL59 and these theories will be studied in a detailed in the subsequent chapters.  
 
2.16 BASIS SETS: 
In general, a basis set is an assortment of mathematical functions used to solve 
differential equation.  In quantum chemical calculations, the term “basis set” is applied to 
a collection of contracted Gaussians representing atomic orbitals, which are optimized to 
reproduce the desired chemical properties of a system.   Standard ab initio software 
packages generally provide a choice of basis sets that vary both in size and in their 
description of the electrons in different atomic orbitals.  Larger basis sets include more 
and greater range of basis functions to improve the accuracy.  Therefore, a larger basis 
function can better refine the approximation to the true molecular wave function,50 but 
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requires correspondingly more computer resources.  Alternatively, accurate wave 
functions may be obtained from different treatments of electrons in atoms.  For an 
instance, molecules containing large (Z >30) are often modeled using basis sets 
incorporating approximate treatments of inner shell electrons which account for 
relativistic phenomena.   To improve the molecular integral calculation, boys51 
introduced the usage of gaussian type functions (GTF) instead of STO for the atomic 
orbital in a LCAO wave function.  These functions are called as Gaussian functions.  
Standard basis sets for electron structure calculations use linear combination of Gaussian 
functions to form the orbitals.  Gaussian offers a wide range of pre-defined basis sets, 
which may be classified by the number and types of gaussian functions as follows, 
1. Minimal basis sets 
2. Split-valence basis sets 
3. Polarized basis sets 
4. Diffuse function 
The basis function themselves can be composed of a linear combination of Gaussian 
functions and are referred to as contracted Gaussian function and the component gaussian 
functions are referred to as primitives.  A basis function consisting single Gaussian 
function is termed as uncontracted.   
 
2.17 MINIMAL BASIS SET: 
Minimal basis set contains the minimum number of AO basis functions needed to 
describe each atom (e.g., 1s for H and He; 1s, 2s, 2px, 2py, 2pz for (Li to Ne).       
Typical example of a minimal basis set is STO-3G, which uses three gaussian type 
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functions (primitives) (3G) per basis function to approximate the atomic STO.  Although 
minimal basis set not recommended for consistent and accurate prediction of molecular 
geometries, their simple structure provides a good tool for visualizing qualitative aspects 
of chemical bonding.  
 
2.18 SPLIT-VALENCE BASIS SET: 
In split valence basis sets, additional basis functions (one contracted Gaussian plus some 
primitive Gaussians) are allocated to each valence atomic orbital.  The resultant linear 
combination allows the atomic orbitals to adjust independently for a given molecular 
environment.  Split valence basis sets are characterized by the number of functions 
assigned to valence orbitals.  Contrary to the minimal basis set, split valence basis set 
uses two or (two more) STO for each valence AO, but only one STO for each inner shell 
(core) AO.  Split valence basis sets such as 3-21G52, 6-31G, have two or more sizes of 
basis functions for each valence orbital.  For example, H2 and C are represented as 
follows 
H: 1s, 1s 
C: 1s, 2s, 2s, 2px, 2py, 2pz, 2px, 2py, 2pz    
where the paired and unpaired orbitals are different in size.   
The number of functions assigned to valence orbital characterizes split valences basis-set.  
Hence, DZ  basis sets use two basis functions to describe valence electrons,  TZ  uses the 
three functions and so forth.  In other words, double basis sets such as the Dunning-
Huzinga53 basis set form all molecular orbitals as the linear combinations of two sizes  
functions of each atomic orbital.  Basis sets developed by Pople and coworkers54 are 
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denoted by the number of Gaussian function used to describe inner shell and outer shell 
electrons.  Thus the split-valence basis set 6-31G55 describes an inner shell atomic orbital 
with a contracted gaussian composed of six primitives and six Gaussians, an inner 
valence shell with a contracted gaussian composed of two primitives and outer valence 
shell with one primitive.  Other split-valence shells include 3-21G.55. 
 
2.19 POLARISATION BASIS SET: 
Polarization functions can be added to basis sets to allow for non-uniform displacement 
of charge away from atomic nuclei, thereby improving descriptions of chemical bonding.   
In order to allow for smaller displacements, the center of electronic charge placed away 
from the nuclear positions, it is necessary to include functions of higher quantum number 
(d-type functions on heavy  atoms and p-type functions on hydrogen and f functions to 
transition metals) in the basis set and these are termed as polarization functions.  The 6-
31G(d) polarized basis set is constructed by the addition of a set of six second-order (d-
type) Gaussian primitives to the split 6-31G basis set for each heavy  atom.  This basis set 
is also known as 6-31G*.    Another popular basis set known as 6-31G(d,p) it is also 
known as 6-31G** which adds p orbitals to hydrogen atom, in addition d orbital to heavy 
atoms.   The addition of p orbitals to hydrogen is particularly important in systems having 
hydrogen bridging atom. The primary purpose of polarization function is to give 
additional angular flexibility to the LCAO-MO process in forming the valence molecular 
orbitals56.  Polarization functions are essential in strained ring compounds because they 
provide the angular flexibility needed to direct the electron density into regions between 
bonded atoms.   
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2.20 DIFFUSE BASIS SETS: 
Species with significant electron density far removed from the nuclear centers (e.g 
anions, lone pairs, and excited states) require diffuse functions to account for the outer 
most weakly bound electrons.  They allow orbitals to occupy a larger region of space. 
Diffuse basis sets are recommended for calculations of electron affinities, proton 
affinities, inversion barriers and bond angles in anions.  The addition of diffuse s- and p- 
type gaussian functions to non-hydrogen atoms is denoted by a plus sign + as in 6-31+G.  
Further addition of diffuse functions to both hydrogen and larger atoms in indicated by 
double plus 6-31++G(d).  Diffuse functions on hydrogen atoms seldom make a 
significant difference in accuracy.  The valence and polarization functions described 
above do not provide enough radial flexibility to adequately describe either of these 
cases.   
 
2.21  HIGH ANGULAR MOMENTUM BASIS SETS: 
High angular momentum basis sets consists of split valence basis-set plus polarization 
and diffuse functions.  Larger basis sets add multiple polarization function per atom to 
the triple zeta basis set.  Multiple polarizations are now practical for many systems and 
although not generally required for a HF calculation, multiple polarization functions are 
useful for describing the interactions between electrons in electron correlation methods.  
The examples of high angular momentum basis set are as follows 
* 6-31G (2d) – In this basis set two d functions are added to heavy atoms. 
*  6-311G (2df, pd) – Besides the (311) valence functions two d functions and one f 
functions      are added to heavy atoms,  p and d function are added to the hydrogen atom.   
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* 6-311G (3df, 2df, p) – three d functions and one f function are added to atoms with Z 
>11, two d, functions and one f function to first-row atoms (Li to Ne) and one p function 
to hydrogen.   High angular momentum basis sets augmented with diffuse functions 
represent the most sophisticated basis sets available in the Gaussian program.  Most 
widely used high accurate ab initio calculation would be produced by reasonably 
sophisticated polarized split-valence basis sets augmented with high angular momentum 





















Application of molecular orbital theory requires a specification of molecular geometry.  
The total energy of a molecule is directly related to its geometry.  The equilibrium 
geometry of a molecule corresponds to the nuclear arrangement that minimizes the 
molecular electronic energy including internuclear repulsion.  A complete theoretical 
treatment of equilibrium structure would involve minimization of the energy with respect 
to each independent geometrical parameter, yielding a structure termed optimized.  
 
3.2 GEOMETRY OPTIMIZATION: 
The object of geometry optimization is to find an atomic arrangement that makes the 
molecule most stable.  Molecules are most stable in their lowest molecular electronic 
energy.  Hence, in order to optimize a molecular geometry, one must test various 
possibilities to see which one has the lowest energy value.  To explore the lowest energy 
value of a molecule a potential energy surface diagram (PES) is required.   A PES  is a 
mathematical relationship between different molecular geometries and their 
corresponding single point energies. The geometry of a non linear molecule with N nuclei 
is defined by 3N-6 independent nuclear coordinates and its electronic energy as a 
function of the nuclear coordinates.  The number 6 is subtracted from the total number of 
nuclear coordinates because the 3 translational and 3 rotational degrees of freedom leave 
the electronic energy unchanged.  Because of the large number of variables makes the 
molecular potential energy surface is an abstract space of 3N-6 dimensions.  Calculation 
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of molecular electronic potential energy at one particular arrangement of the nuclei is 
called a single point energy calculation.   A geometry optimization is the process of 
finding the minima and saddle points on the potential energy surface.  The potential 
energy surface describes the energy of molecule as a function of its geometry (i.e bond 
length, valence angles, torsions and other internal coordinates).  Local minima and saddle 
points on the potential energy surface correspond to equilibrium structure and transition 
structure.  It is well known that structural changes within a molecule usually produce 
differences in its energy, the way in which the energy of a molecular system varies with 
small changes in its structure specified by its potential energy surface, also the potential 
energy surface of a molecule describes the energy of a molecule as a function of the 
positions of the atoms and molecules.  To construct a potential energy surface the 
treatment of electronic and nuclear motion can be done via the Born-Oppenheimer 
approximation.   
 
3.3 BORN-OPPENHEIMER APPROXIMATION: 
The Born-Oppenheimer approximation57 is the first of several approximations used to 
solve the Schrödinger equation.  It simplifies the general molecular problem by 
separating nuclear and electronic motions.  This approximation is reasonable because, the 
electrons in molecules are much lighter than nuclei, and therefore generally have much 
higher velocities.  The nuclei moves very slowly with respect to the electrons, and the 
electrons react essentially instantaneously to changes in nuclear positions.  Thus the 
electron distribution within a molecular system depends on the positions of the nuclei and 
their velocities.  Most ab initio calculations solve only the electronic part of the molecular 
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wave function, and therefore cannot account for systems where the electronic states are 
strongly coupled to nuclear vibrations.  Optimization methods that rely only on gradients 
will be more widely applicable than algorithms that require frequency calculations using 
second derivative.   The highest point along the lowest energy reaction path between 
reactants and products is the transition state.  The transition state in turn governs the rate 
of the reaction.  Thus to use potential energy surfaces to discuss molecular structure and 
reactivity, one must be able to locate minimum transition states and reaction paths.  There 
may be several minima, representing different conformers and isomers of the molecule.  
The first derivatives of the potential energy surface are called a Gradient. The points on 
the potential energy surface where the gradient are zero are called stationary points or 
critical points.  The matrix of second derivative of potential energy surface is termed 
Hessian matrix or harmonic force constant matrix.  At critical points the diagonalization 
of the mass-weighted force constant matrix yields the vibrational frequencies in the 
normal modes. 
To obtain a minimum point on the potential energy surface;  it must satisfy two 
conditions, 
(i) The first derivatives or the gradient or the force must be zero (i.e they must be 
a stationary point or critical point) 
(ii) Secondly the second derivative matrix or Hessian or force constant matrix 
must be positive definite.   In other words, all the eigen values of the Hessian 
must be positive for a minimum (or) all the vibrational frequency must be real 
i.e (no imaginary frequency).  If one or more eigen values are negative, then 
the potential energy surface is a maximum, but it corresponds to saddle point.  
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For a point to be a transition structure the first derivative must be zero and the 
energy must be negative and all other eigenvalues must be positive.  Evidently 
a transition structure must have only one imaginary frequency; all other 
frequency must be real.  The eigenvector of the Hessian corresponding to the 
negative eigen value or normal mode of vibration corresponds to imaginary 
frequency. 
 
3.4 FREQUENCY CALCULATION: 
Geometry optimization yields a quantum-mechanical estimate of the molecular electronic 
energy evaluated at a local minimum and a conformational search yields an estimate of 
the global energy minimum.  However, the nuclei in a molecule vibrate about their 
equilibrium positions, and it is essential to include the molecular vibrational zero point 
energy Ezpe to obtain a accurate quantum-mechanical estimates of energy differences.  
Calculation of the zpe requires the knowledge of vibrational frequencies58.  The 
significance of vibrational frequencies is it can predict the direction and magnitude of the 
nuclear displacement that occurs when a system absorbs a quantum of energy.  Molecular 
frequencies depend on the second derivative of the energy with respect to the nuclear 
positions.  B3LYP/6-31G (2df, 2p) basis set has been used to calculate the vibrational 
frequencies and scaled by the scale factor66 of 0.9854 in this studies.   Finally calculation 
of vibrational frequencies allows one to classify a stationary point on the potential energy 
surface as a local minimum (real frequencies) or nth order saddle-point (n imaginary 
frequencies).   Imaginary frequencies are listed in the output of frequency calculation as 
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in negative numbers.  Thus ordinary transition structures are usually characterized by one 
imaginary frequency, as they are first-order saddle points.  
 
3.5 SINGLE POINT ENERGY CALCULATIONS:  
A single point energy calculation is a prediction of the energy and related properties of a 
molecule with a specified geometric structure.  The energy includes the sum of the 
electronic energy and nuclear repulsion energy of the molecule at the specified nuclear 
configuration.  This energy is often called as the total energy.  However more complete 
and accurate energy predictions require a thermal or zero-point energy correction.  The 
term “single point” implies that the calculation is performed at a single, fixed point on the 
potential energy surface of the molecule.  The main objective of single point energy 
calculation is  (i) to obtain basic information about a molecule, (ii) to compute accurate 
values for the energy and other properties for a optimized geometry.  Single point energy 
calculations can be performed at any level of theory with smaller or larger basis sets 
depending on the requirement of the accuracy.  In this work all the single point energy 
calculations have been performed at various levels of theory viz. QCISD (T)/6-31G (d), 
G3MP2L and HF/G3XL theories to arrive at more accurate total energy using the 









INVERSION STUDIES OF PARA ANILINE DERIVATIVES  
4.1 INTRODUCTION: 
The deceptively simple structure of aromatic amines, exemplified by aniline has been the 
subject of numerous experimental and theoretical studies.  The determination of 
geometrical distortions of benzene ring and the non planarity of aniline substituents is 
important for the investigations of intermolecular interactions.  The deformation from 
planarity of the amine nitrogen in aniline is resulting from a balance between opposing 
forces: the stability gained by the molecule as a whole arising from p-π conjugation of the 
nitrogen lone pair with the aromatic system versus the stability gained by the amine using 
highly directed sp3 orbitals for bond formation.  Pyramidalization is typically measured 
as the angle between the mean plane of the aromatic ring and the H-N-H plane60.   
G3XMP2 composite theory has been used to predict the geometrical parameters and 
inversion barriers of para substituted aniline derivatives.  The computed inversion 
barriers and geometrical parameters are in excellent agreement with the experimentally 
measured values.   Electron donating substituents generally attributes for higher inversion 
barrier because of positive inductive effect by increasing electron density around nitrogen 
atom accompanied with increasing inversion angle, tilt angle and lengthening of carbon–
nitrogen bond.  Electron attracting substituents primarily exhibits negative inductive 
effects by decreasing electron density around nitrogen of the amino group with a 
remarkable decrease in inversion angle (ω), tilt angle (є) and out of plane angle.  The 
decrease in out of plane angle accompanied with shortening of carbon–nitrogen  single 
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bond attaining partial double bond character and thereby reduces the inversion barrier 
drastically and attaining nearly planar structure.   
 
4.2 NITROGEN INVERSION PROCESS:  
Generally the barriers are related to the changes in the attractive and repulsive potential 
energies through use of the viral theorem.  Rotational barriers in the organic molecules 
resulting  from the increase in the attractive potential energy  in spite of a decrease in the 
repulsive energy, where as an inversion barrier was result from increase in repulsive 
energy and decrease in attractive potential energy between the electrons.61  The change in 
the relative electro negativities of nitrogen and hydrogen are associated with changes in 
their stabilities resulting from a change in hybridization upon inversion process and have 
a direct parallel changes in the properties of the carbon and hydrogen atoms of the 
methylene group of a normal hydrocarbon when it is transferred to a cyclic system with 
geometrical strain.   The electron–nuclear interaction energy is the only attractive 
interaction in a molecular system, and the decrease in the potential energy resulting from 
this interaction is responsible for the formation of a bound molecular state from the 
separated atoms.   In the absence of external forces acting on the nuclei, the viral theorem 
states that the total energy E equals (1/2)V,  where V, is the total potential energy, 
similarly the change in energy ∆E between two states free of external forces equals (1/2) 
∆V.  Energy changes associated with  large reductions in internuclear separations, such as 
those encountered in the formation of molecules from atoms, lead to a decrease in the 
attractive potential energy and to increase in the electron–electron and nuclear–nuclear 
energy repulsions.   The inversion may occur either classically by passive over the barrier 
 49
or by quantum-mechanical tunneling through the barrier.  The rates for going over and 
through the barrier do not depend in the same way on its height and shape.  Thus as 
barrier heights are determined from inversion rates, it is necessary to know which 
mechanism is operative or predominant in a particular case.  The classical inversion 
mechanism is a thermally activated process activation energies being determined from 
the variation of inversion rates with temperature.  The corresponding rates for passage 
over the barrier may be calculated from the absolute reaction rate theory62.   The rate 
constant is given by the eyeing rate equation as follows, 








S∆                                                                             -------------3
                           
where KB and h are the Boltzmann and Planck constants respectively, T is the 
temperature.   When tunneling is occurring together with barrier crossing, the observed 
total rates are faster than the classical ones and thus the apparent activation energies are 
lower than the real barrier hindering inversion.   In case of quantum tunneling inversion 
there is a finite probability that inversion may occur even when the vibrational energy of 
the molecules is lower than the potential barrier Vmax.  The vibrational wave function for 
the parallel vibration in the left is denoted as (φL) and for the right is (φR).  Potential 
minima penetrate the barrier and overlap to some extent.  A given vibrational state is then 
described by a linear combination of φL and φR. φL represents symmetrical φ+ function 
and φR represents anti symmetrical  φ- function, 
     φ+ = 1/√2 (φL + φR),        φ- = 1/√2 (φL + φR)                                               ------------(4) 
Each vibrational level will be split into a symmetrical and an antisymmetrical level.    
The inversion vibration exists, in principle for all non-planar molecules.  Like internal 
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rotation, it is hindered internal motion, which in the classical sense, is associated with the 
interconversion of molecular configurations.  The inversion vibration usually involves the 
interchange of two energetically equivalent configurations via planar intermediate.  
Figure 7 (a) shows that graph of potential energy of the molecule against some suitable 
inversion coordinate which describes the classical motion of the atoms characteristically 
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                      Figure. 4(b) Inversion configuration of the amino group 
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From the Figure 4 (a) it might be concluded that only those molecules which attain 
sufficient vibration energy to surmount the potential barrier can interchange between 
configurations I and III.   The quantum mechanical characteristics of the inversion mode 
for a particular molecular species are determined to a considerable extent using parameter 
such as barrier height and separation of the two minima. Figure 4(b) illustrates the 
classical inversion of the pyramidal configuration at the nitrogen.  I and III are the stable 
configurations and II is the unstable planar form of the molecule.  In all the three forms 
‘R’ is the aromatic ring attached to the amino group.  The detailed study of the inverse 
vibration2 mechanism suggests that where potential barrier for non-planar molecule is 
extremely high, no interconversion between stable configurations takes place.  However 
when the barrier to inversion is finite tunneling may become extremely important and 
spectroscopic properties of the molecule can be dramatically affected, particularly when 
the atoms involved in the motion are light.    
 
4.3 RESONANCE EFFECT: 
Resonance phenomenon is particularly important in conjugated systems especially the 
molecules in which a series of contiguous atoms have orbitals that permit strong 
electronic interactions over an array of three or more atoms.  Resonance always results a 
different distribution of electron density in the molecule.  The decrease in electron 
density at one position and corresponding increase elsewhere is called the resonance or 
mesomeric effect.  Two equivalent structures can be drawn and the true structure is the 
intermediate between the two equivalent structures.  The stabilization resulting from the 
electron delocalization that occurs in conjugated systems is often referred to as resonance 
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energy.  It is well known fact that benzene is stabilized as the result of the electron 
delocalization implied by resonance structures, however it must be emphasized that 
resonance structures do not represent separate molecules.   
 
4.4 MOLECULAR ORBITAL HYBRIDIZATION: 
Hybridization is the process of mixing orbitals on a single atom or ion and thus it makes 
more effective bonds than the individual s and p orbitals.  An s orbital can overlap with 
one, two or three p ortbitals, respectively termed as sp, sp2, and sp3 hybrid orbitals.  The 
sp hybridization represents a linear structure.   The hybridization at each carbon atom of 
acetylene is sp and the two carbon atoms are considered as bonded by σ bond and two π 
bonds.  A combination of an s orbital with two p orbitals produces a set of three 
equivalent sp2 hybrid orbitals.  A molecule which utilizes sp2 hybridization takes place in 
BF3 (Boron Tri fluoride).  Three sp2 hybrids orbital formed from the combination of a 2s 
orbital and 2p orbitals on boron atom and the third 2p orbitals on boron remains 
unchanged.   
 
In boron sp2 hybrids overlap with fluorine 2p orbitals to form three B-F bonds.  The 
unhybridized p orbital on boron remains empty.   The electron distribution in a π bond is 
concentrated above and below the plane of the σ frame work; consequently BF3 is a 
planar molecule with 120° and three equivalent B – F bonds.  The high reactivity toward 
Lewis bases is explained by the presence of the empty unhybridized p orbital in the BF3 
molecule.  When an s orbital combines with three p orbitals, a set of four equivalent 
orbitals called sp3 hybrids can be formed.  Methane, CH4, molecule is formed by the sp3 
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hybridization process. The carbon 2s and 2p orbitals hybridize to form a set of four sp3 
hybrid orbitals. Bonds form as each carbon sp3 hybrid orbital overlaps with a hydrogen 1s 
orbital. This model predicts that each of the C-H bonds will be equivalent and 
tetrahedrally arranged. This is entirely consistent with the observed properties of 
methane. The molecule has perfect tetrahedral bond angles 109.5° degrees and is non-
planar.  
 
4.5 HYPERCONJUGATION (OR) BAKERNATHAN EFFECT: 
Hyper conjugation is the stabilizing interaction that results from the interaction of the 
electrons in a σ bond (usually C-H or C-C) with an adjacent empty or partially filled p-
orbital or a π-orbital to give an extended molecular orbital that increases the stability of 
the system.  Based on the valence bond model hyper conjugation can be described as no 
bond resonance.   For instance, the C–C  bond lengths in methyl acetylene and 
acetonitrile are 1.46Ǻ and 1.49Ǻ respectively, which is considerably longer than the 
single bonds in diacetylene and cyanogens which have bond lengths of 1.54Ǻ.   The 
shrinkage structure thus obtained is known as hyper conjugated structure. The more the 
hyper conjugation there is the greater the stabilization of the system.  The delocalization 
which involves σ electrons is known as hyper conjugation. The concept hyperconjugation 
arose from the discovery of apparently anomalous electron release patterns of alkyl 





4.6 METHOD OF CALCULATION:  
The evaluation of structures and energies of molecules from first principles has been a 
primary goal of quantum chemistry.  Ab initio calculations for all the substituted 
prototype aniline molecules were made with both planar and non planar structures using 
low level theory HF/3-21G split valence basis set to get the crude geometry of the 
molecule under examination and thereafter it is used as the base geometry for the further 
higher accuracy optimization methods. The geometry aniline and its para derivatives was 
completely optimized at the DFT B3LYP/6-31G (2df, p) level using the program 
Gaussian 98.63  the standard split – valence basis set of 6-31G(2df, p)64 places d and f 
polarized functions on the heavy atom, also p functions on hydrogen atoms to improve 
the accuracy of the method..   
 
No geometrical constraints were imposed to obtain the minimum energy structure of 
aniline.  Optimized geometries were determined for planar and non-planar forms.  In the 
pyramidal configuration the nitrogen atom of the amino group was situated at out of 
plane of the aromatic ring.  Vibrational frequencies and zero point energies were 
calculated at the B3LYP/6-31G (2df, p) level of theory.   Finally, single point energy 
calculations were made at QCISD(T)/6-31G(d), MP2/6-311g++(2df,2p) and HF/G3XL 
level of theory.   It is necessary to include polarizing functions in the calculation of 
inversion barriers because of the significant changes in hybridization that accompany 
with nuclear motions.65,  The inversion barriers were finally calculated using the 
composite G3XMP259 theory.   
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4.7 GAUSSIAN – 3X (G3X) THEORY 
The composite G3X theory is obtained by including the salient features to the G3 theory 
and optimized at B3LYP/6-31g (2df, p) basis set and an addition of “g” polarization 
function to the G3Large basis set for second-row atoms at the HF level.   Extension of G3 
theory in this manner is referred to as G3X59 theory and is found to give better agreement 
with experiment values for the g3/99 test set of 376 reaction energies.  For the G3X 
theory the overall mean absolute deviation from experiment value decreases from 1.07 
kcal/mol G3 theory to  0.95 kcal/mol G3X theory.  There was a remarkable improvement 
for the non-hydrogen atoms in the G3X benchmark studies.  The increased accuracy of 
the G3X theory  is due to the use of new basis set of  DFT (B3LYP/6-31G(2df, p) and 
He’s larger basis set, which is known as the G3Large basis sets used in the G3XL theory.  
The above explained theory is the description of G3X theory.   
 
4.8 G- 3 REDUCED ORDERS OF MOLLER PLESSET THEORY(G3XMP2): 
Two theories are available under the reduced orders of perturbation theory which are as 
follows, G3X(MP3) and G3X(MP2), which have the mean absolute deviations for the 
G3/99 test set of 1.13 and 1.19 kcal/mol respectively.  Deficiencies in the G3 basis sets 
are believed to be partly responsible for the large errors obtained for some of the larger 
non hydrogen atoms containing second row atoms.  The deficiencies in the G3 theory are 
possible at both the HF and in correlation levels as well.  In this reduced perturbation 
theory the above mentioned deficiencies have been properly addressed by correcting 
basis set deficiencies for second row atoms at the HF and correlation levels. On the basis 
of test results it was concluded that addition of single ‘g’ polarization to the second row 
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atoms of G3Large basis set at the HF level lead to the extension of improved accuracy of 
G3X theory.  The new basis thus obtained is called as G3XLarge basis set.  The G3XL66 
Large basis set is available on the internet resource.  
  
4.9 GEOMETRY OPTIMIZATION AND ZERO POINT ENERGY CALCULATION 
Based on the benchmark experimental values, it was found that with an increase in the 
basis set size from 6-31G(d) to 6-31G(2df, p) at B3LYP levels the accuracy increases..  
The B3LYP/6-31G (2df, p) method has a mean average deviation of 0.011Å for bond 
lengths, slightly better than miller plissé theory for the same basis set.   Increasing the 
basis set further to 6-311+G(d3f, 2p) leads to no additional improvement in geometries.  
Based on the investigation of 15 smaller molecules from the original G2 test set for the 
geometry optimizations, the B3LYP/6-31G(2df, p) method has the smallest mean average 
deviation with experiment for bond distances (0.006Å ), while the angles are sensitive to 
this method.  Hence B3LYP/6-31G(2df, p) method was chosen for geometry optimization 
instead of conventional MP2 (FC)/6-31G(d) geometry used in the earlier version of G2 
and G3 theories.  Moreover B3LYP/6-31G(2df, p) has the advantage that it is 
computationally more efficient than a MP2 calculation.   The B3LYP/6-31G (2df, p), 
method was also chosen for the calculation of zero-point energies to be consistent with 
the geometry optimization method.  A scale factor of 0.9854 was derived for B3LYP/6-
31G(2df, p) from fitting the set of zero-point energies compiled by Scott and Random66 
in their recent derivation of zero point energies for different methods.  The scaling factor 




4.10 DETAILS OF G3XMP2 THEORY: 
The inversion barrier of all the selected aniline and its substituted compounds were 
determined by using the G3XMP2 total energy equation. The total G3XMP2 energy 
equation is given by  
E0[G3X(MP2)] = E (MP4/6-31G(d) + [QCISD(T)/6-31G(d) – MP4/6-31G(d)       -----(5) 
                                        + [MP2(FC)/G3MP2L – MP2/6-31G(d)] 
                                        + [HF/G3XL – HF/G3MP2L] 
                                        + E[SO] + E (HLC) + E (ZPE).   
Earlier version of G3X methods based on reduced perturbation orders are G3(MP2)8 and 
G3(MP3)12 theories, which are modifications of G3 theory that use reduced orders of 
perturbation theory.  The G3(MP3) method eliminates the expensive MP4/6-31G(2df,p) 
calculation by evaluating the larger basis effects at the MP3 and MP2 levels of theory.  It 
also eliminates the MP4/6-31+G(d) and MP3/6-31+G(d) calculations, instead the 
G3(MP2) method evaluates the larger basis set effects at the MP2(FC) level using the 
G3MP2Large (G3MP2L) basis set.  Both methods use significant amounts of computing 
time when compared to G3 theory.  The G3(MP2) theory incorporating with the above 
salient features is known as G3XMP2 method.  In the equation (5) where, E(SO) = spin  
orbit correction for atoms only, E(HLC) = higher level correction and E(ZPE) = zero 
point energy correction.  All single point energy calculations in the G3XMP2 theory were 
done with a frozen core, except for the MP2 calculation with the G3large basis set which 
treats all electrons (FC), also it includes core-related correlation.  The G3XL basis is the 
G3Large basis set with a single ‘g’ function (seven pure functions) on the second row 
elements.  The higher-level correction (HLC) parameters were obtained by fitting to the 
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full G3/99 test set.  The B3LYP/6-31G (2df, p) geometries, zero point energies and HLC 
correction parameters set are available on the internet.67   
 
4.11 RESULTS AND DISCUSSION: 
The results of the calculations are shown in the Tables 4–I and 4–II.   It was observed that 
the lengthening of C–N bond accompanied with increase in degree of pyrimadilzation of 
the amino group, inversion angle and tilt angle increases.  It was apparent from the table-
II that an increase in C–N  nitrogen bond length is  largest for hydroxyl group among the 
ten selected para substituted anilines and fluorine is the next largest of C–N  bond 
lengthening.  The observed C–N bond lengthening with increase of amino group 
pyramidalization and increase of inversion and tilt angle is due to the increase of C–N 
bond interaction with the p-π conjugation of the nitrogen lone pair and reduced 
interaction with aromatic ring and  this interaction leads to an increment of sp3 character 
of the nitrogen atom orbitals, with the corresponding increase in the electron density 
around the nitrogen atom of the amino group.   
 
4.12 RING STRUCTURE 
The trends in the distortion of the benzene ring upon substitution are quite interesting.  
With an electron donating substituent the symmetry of the benzene ring is distorted to the 





Figure 4 (c) Structure of para aniline derivative  
 In Figure 4(c) the para substituent x varies and the list of substituents has been listed in 
the table 4-I.    It was concluded from the Figure 4.1 that linear relationship between 
inversion angle (ω) and d(C–N) parameters is arrived, when ω was plotted against d(C–
N), similarly Figure 4.2 yields a linear relationship between inversion barrier height and 
out of plane angle.   The largest increase on the (C–N) bond lengthening in the case of 
hydroxyl group is due to the inherent electron realizing characteristics of the hydroxyl 
group.  The oxygen atom of the hydroxyl group donates its lone pair electron to the ring, 
which facilitates the ring closure, which in turn increases the inversion angle and tilt 
angle.  The bulky methyl group has also the same effect of the hydroxyl group, the 
electron realizing nature of the bulky methyl group, imparts electron to the aromatic ring 
and it results the increase in inversion angle and tilt angle of the amino group and 
consequently it makes the H-N-H interatomic angle to 110.89° from the  120° planar 
structure.  The decrease in bond angle of 120° to 110.89° leads to the ring closure.      The 
unusual characteristic of fluorine atom in the para position follows the same trend of the 
electron realizing group.  Although the fluorine atom is electronegative fluorine atom at 
the para position it favors fluorine to donate its electron to the ring and results ring 
closure by increasing the inversion angle (ω) and tilt angle (є). 
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4.13 STRUCTURE OF THE AMINO GROUP 
One of the most interesting structural features of aniline and its para derivatives is the 
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F ig . 4 (d )  
The inversion angle ω is the vital parameter normally used as a measure of the 
pyramidalization of the amino group. Amino group pyramidalization is defined as the 
deviation of hydrogen atoms of the amino group from the ring plane in one direction, 
while the amino group nitrogen atom is slightly shifted in the opposite direction and the 
deviation is shown in the figure 4(d).   In the figure (4d) it was interesting to note that the 
nitrogen atom of the amino group is tilted slightly from the ring plane and the two amino 
hydrogen atoms are deviated from the ring plane.    In the figure (4d) the inversion angle 
(ω) is denoted as “a” and the out of plane angle (δ) is denoted as “b” and tilt angle (є) is 
denoted as ‘c”.  The microwave analysis of aniline68 was based on the assumption that the 
entire  is perfectly planar.  However, both the X-ray analysis69 and the electron 
diffraction results70 show that amino group is located out of plane of the benzene ring.   
The deformation from planarity due to the pyramidalization of amine nitrogen was 
interpreted71, 72 as resulting from a balance between opposing forces and the stability 
gained by the molecule as a whole arising from p- π conjugation of the nitrogen lone pair 
NHC 56
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with the aromatic system versus the stability gained by the amine using highly directed 
sp3 orbitals for bond formation..  The asymmetric interaction between the amino group 
and the benzene ring73 produces small displacement of the nitrogen atom out of plane of 
the benzene ring and it is denoted as the small tilt angle (є).  The H-N-H angle opens 
widely and it corresponds to nearly pure sp2 hybridization as in the completely planar 
case74 and this effect is particularly observed for the –NO, -CN, -NO2 and –CHO electron 
withdrawing subsituents.   The angle, angle between NH2 plane of the amino group and 
the plane of the benzene ring was determined to be 50.71°.  This closely resembles with 
the experimental values of 48 ± 2° and 42.4 ± 0.3° obtained by microwave 
spectroscopy75, 76 however sharply contrasts with 43 ± 4° by electron diffraction77 and 38 
± 3° by X-Ray analysis78.   
The agreement with experiment values reveals the optimized structure of aniline using 
B3LYP/6-31G (2df, p) basis set could correctly describe the geometrical features of 
aniline, including the arrangement around nitrogen atom.   Hence the calculation 
performed with the B3LYP/6-31G (2df, p) basis set gives a good agreement for 
experimental values obtained my microwave spectroscopy and reasonable agreement for 
electron diffraction, whereas it deviates more for the experimental value obtained by the 
x-ray diffraction.  The computed 2.86° value for the out-of-plane angle makes the ring 
plane reasonable with the experimental values.  Most of para aniline derivatives shows 
same trend except for the fluorine and hydroxyl substituent, the above mentioned two 
para amino derivative makes the molecules more non-planar by making out of plane 
angle of 3.07° and 3.17º.  The electron withdrawing substituent such as –NO2, -CN   –NO 
and –CHO decreases the tilt angle of aniline from   2.86° to 2.37º, 2.47°, 2.35º and 2.49°, 
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which makes amino group less out of plane and reduces the non-planarity of the amino 
group leads to the planar form.   
4.14 THE AMINO GROUP INVERSION AND INVERSION BARRIER HEIGHT 
The complete planar structure of the entire aniline molecule would maximize the lone 
pair –ring orbital interaction79 (e.g. π overlap).  The C–N bond length at equilibrium 
structure changes from 1.397Å to 1.3762Å in its planar form (i.e transition state), a value 
which is very close to the 1.376Å in formamide80, in which amino group is believed to be 
perfectly planar.  The energy difference between the equilibrium structure (non-planar) 
and transition state (planar structure) corresponds to the barrier to inversion of the amino 
group, the barrier thus obtained is known as the inversion barrier height.    The presence 
of transition state was revealed by presence of imaginary vibrational frequencies.  The 
B3LYP/6-31G(2df,p) optimized structure with frequency calculation shows that planar 
structure of the aniline molecule has one imaginary frequency corresponding to the 
inversion of the amino group.  The characteristic inversion frequency of the amino group 
in aniline molecule is 462.04 cm-1 scaled by the zpc scale factor 0.9854.66   The accuracy 
of barrier height has significantly improved when an addition of zpc to the barrier height; 
the calculated inversion barrier height for the aniline molecule with zpc is 6.0 kJ/mol 
which is very close to the experimental value of 6.3 kJ/mol obtained my microwave and 




4.15 INVERSION BARRIER OF ANILINE PARA DERIVATIVES: 
The interaction of aniline molecule with a substituent group is of great importance in 
determining its structural and electronic properties.83, 84 This section addresses the 
influence of the substituents on the structural conformation of aniline, including the 
flattening and pyramidal configuration of the amino group.  The table 4–II, shows the 
selected structural parameters of aniline substituted in the para position.  The investigated 
substituents cover a wide range of  σ–π electron donor-withdrawing capability between 
the ring and the amino group.   The inversion angle ω and the tilt angle (є) represent the 
extent of interaction between pz orbitals of nitrogen and π system of the benzenoid ring.  
It is interesting to note that planarity of the amine group is favored when an electron-
withdrawing substituent is attached to the ring.   Figure 4.2 depicts that out of plane angle 
(δ) is in direct relation with inversion barrier height; the barrier height increases 
proportionally as the out of plane angle increases.    
In particular the substituent such as nitro group drastically reduces the inversion barrier to 
half the value of aniline from 500 cm-1 to the corresponding 220 cm-1 as the inversion 
barrier height.  The two oxygen atoms of the –NO2 group acts as the strong electron sink 
and it disperses the strong electron cloud around the nitrogen atom of the amino group 
and makes the aromatic ring more planar in nature.   The Millikan charge of nitrogen 
atom attached in the aniline molecule is 0.611, whereas in case of the para substituted 
nitro aniline, the molecule is highly polarized and it disperses the negative charge to 
0.586.  The introduction of nitro, cyano, nitroso and aldehyde group in the para position 
of aniline molecule makes the molecule strongly polarized attaining the dipole moment of 
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1.63D to 6.89D, 6.76D, 6.39D and 5.42D.  It was observed that six fold increase of dipole 
moment for the electronegative substituents when compared to parent aniline molecule.  
Among the ten selected aniline para derivatives, nitroso aniline is the only substituent 
makes the molecule more planar by shortening the C–N distance from 1.397Ǻ of aniline 
to 1.370Ǻ and attaining the barrier height of 205 cm-1  
4.16 EFFECT OF ELECTRON WITHDRAWING SUBSTITUENT: 
 Electron withdrawing substituents in aniline should decrease basicity and increase 
planarity85 as per the literatures and all the electron withdrawing substituents follows the 
same trend.  On the basis of resonance theory, electron-withdrawing substituents, 
especially at the para position, favors quinoid resonance structures, which are more 
planar than the parent aniline by decreasing both inversion angle (ω) and the C-N bond 
length85. The low nitrogen inversion barrier 2.45 kJ/mol for nitroso aniline, 2.64 kJ/mol 
in nitro aniline and 3.57 kJ/mol in cyano aniline molecule illustrates that π electron 
delocalization increases as the C–NH2 group  moves toward planarity during inversion86.  
The π electron delocalization helps to stabilize the transition state geometry relative to the 
global minimum, thereby lowering the inversion barrier.  Para aniline derivative which 
has the lower inversion barrier has also the low value for the out of plane angle(δ) and 
there is a remarkable decrease in the out of plane angle (δ) between the C–N bond and the 
NH2 plane for the electronegative substituents such as –CHO, -NO2,  -NO and -CN.  The 
lack of electrons in the benzene ring produced by electron-withdrawing substituents is the 
main reason for the extra planarity attained by the amine group and it produces the 
shortening of the nitrogen-carbon bond87.  The lowest out of plane angle(δ) obtained for 
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the –CHO group  at the para position is due to the strong resonance stabilization by lone 
pair of electrons present in the oxygen atom.   The computed 25.7° out of plane angle for 
the –CHO group is very small and it signifies that molecule is favoring planar 
configuration.  Although the pyramidal inversion in the electronegative substituent such 
as      –CHO, -NO2, -NO and –CN is accompanied by shortening of the C–N  atom bond, 
but a  significant widening of  H-N-H angle is observed for the electron withdrawing 
substituents and it accounts for the H-N-H ring opening for planar structure. However, 
the electronegative substituent such as fluorine and chlorine remains inert when 
compared to the other electronegative substituents mentioned above; both the halogen 
substituents have the same barrier heights as aniline molecule.  
The out of plane angle (δ) for fluorine and chlorine molecule are 46.45º and 43.97° 
respectively, both the values are very close to the equilibrium structure of aniline 
molecule which has out of plane angle(δ) value of 44.85º.  The computed out of plane 
angle(δ) value for para fluoroaniline 46.45º is in excellent agreement with experimental 
value of 46.22º determined by microwave spectroscopy88.   The shortening of the carbon 
nitrogen bond especially for the electron negative substituents makes the C –N bond to 
take the double bond character and increases the symmetric interaction between carbon 
and nitrogen, thereby favors the more planar structure.  The H-N-H angle of para 
fluoroaniline has the value of 110º agrees well with experimental value of 111° 
determined by microwave spectroscopy34.  The H-N-H angle and out of plane angle(δ) 
has slight increment from the aniline molecule and it predicts that substitution of fluorine 
at the para position makes slightly more non planar than aniline molecule. The 
substitution of fluorine at the para position has two effects, first the atom could withdraw 
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electrons from the ring via the σ system by an induction effect and it leads to opening of 
the C-6-C-1-C-2 angle.  The extent to which this could facilitate the electron transfer 
from nitrogen to the ring, favors more nearly planar configuration of para fluoroaniline, 
but this effect is negligible.  The two lone pair electrons present in the fluorine atom may 
involve π conjugation system of the aromatic ring by a mesomeric process. As fluorine is 
the electronegative substituent, its substitution reduces the barrier height by a small 
amount.   The unusual characteristic property of para fluoroaniline could be explained by 
the participation of the lone pair electrons in the π conjugation of the ring.  Unlike the 
other electron withdrawing substituent like –NO2, fluorine substituent has no additional 
double or triple linkage to draw the electrons from the amino nitrogen by stabilized 
resonance phenomenon and hence lone pair electrons of the fluorine atom participates in 
the π conjugation with the ring. It apparently shows that substitution of both chlorine and 
fluorine at the para position of aniline does not make significant change in the 
geometrical features of aniline molecule.  In general halogens in the para position of 
aniline interacts with the ring by mesomeric and inductive effects.  
4.17 EFFECT OF ELECTRON DONATING SUBSTITUENTS: 
Electron donating substituents generally enhances the donation of π charge to the benzene 
ring and previously it was proved that an enhancement of the donation of π charge to the 
benzene ring increases the inversion barrier.89 It is quite interesting to note that the effect 
of substitution  of para hydrogen atom of a aniline by a methyl group is lead to an 
increase in the inversion barrier.90  The results of the current studies also shows that 
substitution of methyl group in the para position tremendously increases the inversion 
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barrier.   It seems reasonable that large barrier to planarity implies a high electron density 
Millikan charge of -0.0591 placed on the amino nitrogen; also the presence of a lone pair 
on the nitrogen atom causes the amino group lie out of the plane defined by the ring.  
Now the question arises which causes the increase in electron density on nitrogen atom of 
the amino group. Traditionally the methyl group has been considered to be an electron 
donor relative to the hydrogen.  It is well known fact that electron donating substituent 
has the inherent salient feature of hyper conjugative effect.  Hence the methyl group 
attached to the benzene ring experiences the hyper conjugative effect and it contributes to 
the overall structure of the molecule. The possible resonance structures of para methyl 




















Fig. 4(e)    
G3XMP2 inversion studies revealed that substitution of methyl group on the benzene ring 
causes reorganization of the π electron and it increases the electron density of the 
nitrogen atom.   In a nutshell the introduction of methyl group at the para position of the 
aromatic ring greatly perturbs the π electron system and there by increases the electron 
density in the vicinity of the amino nitrogen atom.   The experimental inversion barrier 
height of para methyl aniline determined by gas phase infra red spectroscopy90 is 588 cm-
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1 which is in excellent agreement with the calculated value of 579 cm-1.  This excellent 
agreement disclosed the fact that the geometry optimization and frequency calculation 
performed by the DFT B3LYP/6-31G(2df,p)  is reliable and the single point energy 
calculation performed by the G3XMP2 theory is accurate for the inversion barrier.  
Hence from this excellent agreement one could well predict the inversion barriers for the 
other para aniline derivatives.  The substitution of hydroxyl group at the para position of 
aniline overweighs the positive inductive effect and hyper conjugative effect of para 
methyl aniline.  The lone pair present in the oxygen atom of the hydroxyl group 
establishes a strong positive inductive effect, which in turn increases the electron density 
around nitrogen of the amino group and consequently increases the inversion barrier 
height to the large extent of 692 cm-1 among the ten selected para derivatives.  The out of 
plane angle  (δ) calculated for the para hydroxyl aniline is 48.4° which is the highest 
value among the ten selected aniline para aniline derivatives, however it has the lowest 
value for the H-N-H angle of 109.99° contributed to the ring closure and leads to an  
increase in inversion barrier height.   
In case of electron donating substituents such as -CH3, and -OH group ring closure of the 
amino group accompanies with increase in C–N bond.   Contrary to the electronegative 
substituents, lengthening of C–N bond is observed only for the electron donating 
substituents, the longer the bond length between carbon and nitrogen atoms, the greater 
the single bond character between carbon and nitrogen atoms and which leads to the 
higher the inversion barrier.   The main reason for the higher value of out of plane angle 
and higher inversion barrier height is attributed to the fact that the strong interaction of π 
electrons of nitrogen atom with the oxygen atom. The strong interaction distorts the rings 
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to the greater extent and due to the ring distortion, the nitrogen atom of the amino group 
tilted by 2.7º from the aromatic ring plane.   Similarly the substitution of methoxy group 
at the para position accounts for higher inversion barrier and out of plane angle.  The out 
of plane angle value for the para anisidine molecule is 48.37º which is the next highest 
value next to the  para di amino benzene.  In the methoxy substituent the bulky methyl 
group donates lone pair of electron in the oxygen atom to the benzene ring and causes 
severe distortion to the ring.   The lone pair of electron present in the oxygen strongly 
interacts with π system of the ring and it causes the asymmetric interaction between 
carbon and nitrogen atoms.  This asymmetric interaction places the nitrogen atom out of 
plane by 2.74º and also it causes the sp3 hybridization to attain more pyramidal 
configuration or non planar structure of the amino group.      
From the computed geometrical parameters and calculated values, it is apparent the 
substituent group with lone pair of electrons without double bond has significant effect 
on ring distortion and attributed to the larger values of the inversion barrier.  Although 
the bulky methyl group which contributes to the reasonable increment on the inversion 
barrier by hyper conjugative effect, its effect on the distortion of ring is very low when 
compared to the hydroxyl group.  In hydroxyl group the lone pair of oxygen atom 
strongly stabilizes the molecule by the resonance phenomenon, where as the lone pair of 
electron is absent in bulky methyl group and hence it can’t strongly stabilize the molecule 
by resonance.  The substitution of the amino group at the para position of the aniline 
drastically increases the inversion barrier height of aniline than the methyl group.  The 
measure of pyramidalization of amino group in case of para diamino benzene is the 
largest among the electron donating substituents and it has the inversion angle of 46.56° 
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and tilt angle of 2.83º.   The most powerful electron donating substituent amino group 
increases the inversion barrier accompanying with the increase in out of plane angle(δ) 
from 44.85° of aniline  to 49.39º and increases the C–N  bond length from 1.39Å to 1.4Ǻ.  
The largest deviation from the planarity for para di amino benzene is mainly due to the 
interaction of amino substituent with the HUMO orbital of aniline.   The substitution of 
amino group at the para position makes the molecule completely non-polar, the computed 
dipole moment value for the diamino benzene molecule is 0.0002D; which is lesser than 
the aniline molecule, which has the dipole moment of 1.633D, the non-polar nature is 
ascribed by the fact that the interaction of the amino group with the LUMO of aniline is 
negligible.   The calculated inversion barrier height for the para di amino benzene is 739 
cm-1, which is the highest value among the other electron donating substituents such as –
OH, -CH3, etc. The observed highest value is due to the presence of lone pair of electron 
on the nitrogen atom, besides two hydrogen atom which acts as the additional source for 
the electron source, the nitrogen lone pair is donated to the ring by σ-π delocalization and 
consequently causes the ring with surplus electrons, which in turn increases the electron 
density on the nitrogen atom and thereby increases the inversion barrier to more non 
planar form.  Generally the substitution of electron donating groups at the para position 
increases the C–N bond length due to the asymmetric interaction between nitrogen atom 
of the amino group and carbon atom of the ring; meanwhile it decreases the H-N-H bond 
angle and accounts for ring closure of the amino group.  The ring closure of the amino 
group increases the non planarity of the aromatic ring; however the substitution of 
electron donating substituent at the para position decreases the planarity and makes the 
molecules more non-planar in nature.   
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4.18 RELATIONSHIP BETWEEN HAMMET CONSTANT AND INVERSION BARRIER 
Hammett constants (σ), which are derived kinetically, depend on charges in the reactivity 
of various systems caused by substitution and it reflects changes in electron density at the 
reaction site91.  Work on  substituent electronic effects from 1940 to 1960 was 
concentrated on the linear free energy relationships pioneered by Hammett.37 Hammett 
constants are available in two components viz., Inductive component σI and Resonance 
component σR.     From the Figure 4.3 it was found that linear relationship between 
Hammett constant and inversion barrier is obtained.    The linear relationship between 
Hammett constant and inversion barrier heights unambiguously predicts that substituent 
effect on para aniline derivative is primarily due to the inductive effect; however the 
slight deviation for few substituents suggests that there is little contribution of resonance 
effect for those substituents.   
4.19 INTERRELATIONSHIP BETWEEN pKa VALUE AND GEOMETRICAL 
PARAMETERS OF PARA ANILINE DERIVATIVES   
It has been shown in the figure 4.4 that the linear relationship between pKa values and 
inversion barrier height is established.  The aniline ring with electron donating 
substituents has the large values for the pKa and it accounts for the decrease in acidity of 
the molecule.  Generally the electron withdrawing substituents has the lower pKa values 
and thereby increases the acidity of the molecule.  The pKa values are in direct proportion 
to the inversion barrier, the higher the pKa values the higher the inversion barrier because 
more basic –NH2  abstracts a H+ because of the extra electron on the nitrogen atom of the 
amino group and for lower pKa values low inversion barrier is obtained.  The linear graph 
obtained for the pKa values and inversion barrier height reveals that pKa values provide 
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good index for the inversion barrier height.  It is apparent from the previous discussion 
that the electron withdrawing substituents enhance planarity of the aniline framework, 
thereby shortening C–N bond, decreasing out of plane angle(δ) and lowering the 
inversion barrier Einv.   The accompanying loss of electron density from the amino 
nitrogen atom decreases the pKa of the amino group.  Conversely electron donating 
substituents favor pyramidal sp3 hybridization at the amino nitrogen, leading to a 
lengthening of  C–N bond length, increases the out of plane angle (δ) and larger value for 
the inversion barrier Einv.  Also the pKa of the amino nitrogen is increased by electron 
donating substituents.  The study concludes that a pKa value greatly varies depending 
upon the strength of electron donating and electron withdrawing substituents of the 
constituent molecules.     
4.20 CONCLUSION:  
The geometrical parameters of ten para substituted aniline using the G3MP2L theory was 
well established for a first time in this report.  Introduction of substituents in the aniline 
ring produces a large structural deviation as well as ring distortion. The electron donating 
group and electron withdrawing group have their own effect on the ring and amino group 
geometry of the aniline.   The inversion angle (ω), tilt angle (є), the out of plane angle (δ) 
and the inversion barrier height are the vital parameter plays a pivotal role in interpreting 
the planarity and non-planarity of the aniline para derivative.  In overall studies,  it has 
been found that the lengthening of the C–N bond increases linearly with increasing the 
degree of pyramidalization of the amino group, and inversion angle (ω) and the tilt angle 
(є), which in turn increases the inversion barrier height of the molecule and favors for the 
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non-planarity of the structure.  The large value of tilt angle is due to the asymmetric 
interaction between nitrogen atom of the amino group and carbon atom of the ring.  The 
above phenomenon is observed especially for the electron donating substituents.  
Although the electron donating substituents accounts for the increase in out of plane 
angle, inversion angle and increase in C–N bond length, it accounts for decreases the H-
N-H angle and ring closure of H-N-H group.  The increase in barrier height, and 
inversion angle and the out of plane angle particularly for electron donating substituents 
is due to the increase in electron density around nitrogen atom of the amino group.  For 
the bulky methyl group +I effect, +M effect and hyperconjugative effect was attributed to 
the increase in electron density around nitrogen atom, where as for hydroxyl group –OH 
and –NH2 the lone pair present in the nitrogen atom, donates to ring by resonance 
phenomenon and thereby increases the carbon – nitrogen bond length and account for 
higher value for out of plane angle (δ).   
The electron donating substituents makes the ring with excess of electrons and it causes 
non planarity of the amino group.   In summary the lengthening of the C–N bond 
increases linearly with degree of pyramidalization, and the inversion angle (ω) and tilt 
angle (є).  An increment in ω, increases є and accounts for closure of H-N-H angle. 
Invariably all the electron donating substituents follows the above stated phenomenon.  
The substitution of electron withdrawing substituents at the para position of the aniline 
molecule decreases the inversion angle, tilt angle and out of plane angle, however it 
increases the H-N-H angle and accounts for the additional planarity of the molecule.  The 
decrease in inversion angle and out of plane angle is accompanied with shortening of the 
C–N  bond length.  The electron withdrawing substituents strongly polarized the aniline 
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molecule and increases the magnitude to the six fold when compared to the aniline 
molecule.  Electron withdrawing substituents generally decreases the degree of 
pyramidalization by strong p- π conjugation of lone pair of the substituent with the 
aromatic ring.  The strong p- π interaction causes the carbon-nitrogen bond to attain sp2 
character with shortening of the carbon-nitrogen bond, which consequently decreases the 
electron density around the nitrogen atom of the amino and thereby decreases the out of 
plane angle and inversion barrier.   The lack of electrons in the benzene ring produced by 
electron withdrawing substituents is the main reason for the additional planarity of the 
amine group.    The G3XMP2 studies yields results which are in good agreement with the 
experiment values and reveals that substituent group attached to the benzene ring of 
aniline produce large structural as well as electronic distortions.  Particularly for electron 
donating substituents the distortion sounds more.  As all the geometrical parameters are 
very close to the experiment values, the relationship obtained for the para substituted 
aniline could tentatively be extended for the other substituted anilines with relatively 
larger substituents both electron donating and electron withdrawing  and  most of them 
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1 -H 5.8319 487.50 5.972 499.23 
2 -F 5.6843 475.17 5.476 457.79 
3 -NO2 2.7475 229.67 2.642 220.86 
4 -CN 3.5798 299.25 3.570 298.48 
5 -Cl 5.8542 489.37 5.994 501.12 
6 -COOH 3.6903 308.49 3.694 308.86 
7 -CH3 6.7418 563.58 6.920 578.48 
8 -OH 8.1066 677.66 8.282 692.35 
9 -CHO 3.3584 280.75 3.399 284.21 
10 -NO 2.5393 212.27 2.456 205.34 
11 -NH2 8.6085 719.62 8.838 
 
738.81 
12 -OCH3 8.0436 672.40 8.305 
 
694.25 



































H 111.168 1.397 42.35 2.5 44.85 
      -F 110.630 1.400 43.79 2.661 46.451 
      -NO2 113.861 1.378 32.84 2.04 34.88 
     -OH 109.994 1.406 45.70 2.70 48.40 
     -CH3 110.890 1.399 43.226 2.5134  45.74 
     -CN 113.265 1.382 23.65 2.12 25.771 
   -COOH 113.054 1.383     36.08 2.159 38.239 
    -Cl 111.443 1.390 41.48 2.49     43.97 
     -NO 114.262 1.370 31.16 2.35 33.24 
    -CHO 113.425 1.380 23.65 2.12 25.77 
   -NH2 109.680 1.400 46.56 2.83 49.39 
   -OCH3 110.066 1.400 45.634 2.74 48.374 
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INVERSION STUDIES OF ORTHO ANILINE DERIVATIVES 
5.1 INTRODUCTION   
It was apparent from the previous chapters the geometry of amino group plays a key role 
in the chemical reactivity of aromatic amines and it varies greatly depending upon the 
substituents.  In the previous section a better relationship between geometrical parameters 
and inversion barrier height of para aniline derivatives were established using the 
G3XMP2 theory.  The results obtained both for geometrical parameters and inversion 
barrier agrees well with the experiment values.  In para substituted anilines the electronic 
interactions and electrical effects are paramount importance in determining the 
geometrical parameters and inversion barrier.  The relationship between Hammett the 
constant and the inversion barrier were revealed that the inductive effects were the prime 
reason for the variation in geometrical parameters; however it must be pointed out that 
there is no steric effects in para substituted aniline, but the speculative steric interaction 
would be possible in ortho aniline derivatives, the following section will address the 
steric effects in ortho aniline derivatives.    
The salient feature of the ortho substituted aniline is the substituent at the ortho group 
makes an intra molecular hydrogen bond with the hydrogen atom of the amino group.  
Aniline substituted with nitro, carboxyl and hydroxyl group deserves special attention, as 
these groups contain an oxygen atom that lies next to the hydrogen of aniline molecule, 
an intramolecular hydrogen bond is probably formed.92, 93  Since the ortho substituents 
are bound to the adjacent position of the side chain, various kinds of proximity effects, 
such as steric and proximity electrical effects will play its contribution to the amino 
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group, which are otherwise insignificant, generally operates on the side chain functions94.  
Hydrogen bonding and other intramolecular interactions of ortho substituents may 
sometimes play significant role in reactivities of ortho substitutent derivatives. 
5.2 METHOD OF CALCULATION:  
The computational procedure employed for the ortho aniline derivative is similar to para 
aniline derivative.  The molecular structures of all the aniline ortho derivative molecules 
were optimized using DFT B3LYP/6-31G (2df,p) level of theory.   Frequency calculation 
at the optimized structured were carried out at the same level of theory employed for the 
optimization procedure.  For each substituent two structure viz equilibrium (non-planar) 
and transition state (planar) were performed.  A  Single point energy calculation of the 
optimized structure was performed using QCISD(T)/6-31G(d), G3MP2L and more 
accurate HF/G3XL level of theory.   
All the calculations were performed using the GAUSSIAN 98 program.63 Final 
calculation of totally energy was obtained using the G3XMP2 theory, the details of 
G3XMP2 theory were explained elaborately in chapter II.  The transition from 
equilibrium structure to planar structure was accompanied with appearance of one 
imaginary frequency; each and every ortho substituent gives imaginary frequency when it 
takes the planar form.  The geometrical parameters of para substituted aniline such as 
inversion angle, tilt angle, out of plane angle and energetic inversion barrier were very 
close to the experimentally observed values.    Hence the same accuracy could also be 
tentatively applicable to all the ortho aniline derivatives using the same G3XMP2 theory.  
The following section will reveal the substituent effect in a detailed manner.   
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5.3 RESULTS AND DISCUSSION 
5.4 THE PROXIMITY OR ORTHO EFFECT: 
The effect of a substituent point in the molecule which is very close to the reacting group 
may be different in kind from that what it exerts at a more distant point and this 
phenomenon is known as “steric hindrance”.  The total effect of ortho substituents is 
expressed in terms of the “ordinary polar effect”, the “proximity polar effect” and the 
steric effect.  Hydrogen bonding and other intramolecular interactions may be treated 
separately from the above effects.     The steric hindrance is observed especially for the 
electron donating groups mainly imparted by the methyl group.   
5.5 STRUCTURAL PROPERTIES OF ORTHO SUBSTITUTED ANILINE: 
Table 5-1 shows some selected structural parameters of ortho substituted aniline.  It is 
interesting to note that aniline substituted with nitro and carboxyl group require special 
attention.  As these groups contain an oxygen atom that lies next to the hydrogen of the 
amine group, an intramolecular hydrogen bond is formed.95  In fact this hydrogen bond is 
observed in both cases, it induces an additional planarity in the whole system and thereby 
it should induce an increase in the electronic delocalization of the molecule.  This 
interaction originates a kind of six member ring fused to the benzenoid ring.   From the 
table 5-II it was found that the optimized structure of o-nitroaniline has short distance 
between hydrogen atom of the amine group and oxygen atom of the nitro group.  The 
other substituents which received particular attention is o-aminobenzaldehyde and o-
aminobenzoic acid which are also have shortest distance of 1.965Å and 1.936Å between 
amine hydrogen atom and oxygen atom of the respective groups.  The strong interaction 
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between amine group hydrogen atom and oxygen atom of the substituent reveals the 
stronger intramolecular hydrogen bond formed between the two atoms.  Hydroxy, 
methoxy, chlorine, fluorine and cyano substituents interacts with amine group hydrogen 
atom and forms weaker hydrogen bond96, 97.  In  o-methoxyaniline, the distance between 
oxygen and amino hydrogen is 2.379Ǻ and in o-aminophenol the distance between 
oxygen atom and hydrogen atom is 2.288Ǻ, while in o-chloroaniline the chlorine 
hydrogen distance is 2.593Ǻ, which is very short considering the radius of chlorine.  All 
these interactions resembling hydrogen bonds are electrostatic in nature and therefore 
large modifications in the charge distribution of these systems i.e., unequal charge on the 
hydrogens of the amine group is expected.  The out of plane angle of ortho-fluoroaniline 
molecule has nearly the same value of as in the meta-fluoroaniline molecule; however it 




Fig. 5(a)  
 The presence of the halogen does not prevent the nitrogen lone-pair electrons from being 
involved in the π system of the aromatic ring in ortho-chloro and ortho-fluoroaniline 
because the free electrons of the halogen are involved in intramolecular hydrogen bond of 
N –H….X type.   The formation of N–H----X bond is shown in the fig (5a).  The large 
value of the H-N-H angle and small value of the inversion angle and out of plane angle 
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resulting from the attraction of the cis hydrogen by fluorine corroborate the existence of 
the hydrogen bond.98    
5.6 STRUCTURE OF THE AMINO GROUP: 
All the ortho substituents generally tend to place the amine group towards more planar 
when compared to the respective para aniline derivatives which are primarily due to the 
proximity ortho effect and intra hydrogen bonding interaction.  It is quite fascinating to 
observe the geometry of o-nitroaniline, o-amino benzoic acid and o-amino benzaldehyde, 
in which all the three substituents makes the molecules more planar and it is apparent 
from their respective out of plane angle values.  The strong electrostatic attraction 
between hydrogen atom of the amine group and the oxygen atom of the substituent group 
drastically reduces the electron density around nitrogen atom, which in turn accounts for 
more planar form. As a result of this drastic reduction in the electron density around 
nitrogen atom of the amino group, the H-N-H angle opens widely and accounts for nearly 
planar structure, especially the substituents such as –NO2, and –CHO has the value of 
120.9Ǻ and assumes planar configuration. Figure 5.1 shows linear relationship between 
carbon nitrogen bond distance and inversion angle.   Among the above three electron 
attracting substituents, the o-amino benzaldehyde has the strongest effect, it has the out of 
plane angle (δ) value of 11.83°, whereas the other two substituents such as o-
orthonitroaniline  and o-aminobenzoic acid has the value of 14.57° and 31.51º. The lower 
inversion angle and out of plane angle is attributed due to the strong electrostatic 
interaction between hydrogen atom of the amine group and high electronegative oxygen 
atom of the substituent group leads to the intramolecular hydrogen bond.   The C–N   
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distance for the o-amino benzaldehyde is 1.350Ǻ the value is very close to that of double 
bond.  The o-nitroaniline and o-aminobenzoic acid has the value of 1.35Ǻ and 1.37Ǻ for 
C–N  distance and this low value of the C–N bond indicates there might be partial double 
bond character between the carbon and nitrogen atoms; the shortening of the C –N bond 
always accompanies with the flattening of the amine group and this was concluded from 
the very low out of plane angle value of 14.57Ǻ  for nitro group and 31.51Ǻ  for the 
carboxyl group.   The above study apparently shows that electron donating substituents at 
the ortho position establishes the proximity effect...  Especially the substituents such as 
methyl group and amino group experiences a great steric hindrance and an account of this 
ortho carbon atom of the aniline have the largest negative charges compared to the other 
carbon atoms by mesomeric  effect owing to the non bonding electrons of the amine 
group.99  The electron donating nature of methyl group, unlike the electron attracting 
substituents, it increases the inversion angle (ω) and out of plane angle angle (δ) with the 
corresponding lengthening of C–N bond.   
The ortho effect increases the electron density around nitrogen atom of the amino group 
by the steric hindrance of the ortho susbstituent such as methyl group; the increase in 
electron density around nitrogen increases the non-planarity of the amino group.   The 
drastic effect of methyl group in the ortho position is primarily due to interaction of 
aromatic π system.  Alternative explanation100 discloses the fact that the methyl group 
does not donate a significant amount of electron density, but simply causes a polarization 
of the π system resulting in increased electron density at the ortho position.   In case of 
substituents such as hydroxyl group and amino group apart from the electrostatic 
hydrogen bonding interaction, σ inductive effect also contributes and as a result electron 
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density around nitrogen atom increases.  Although the substituents such as methoxy, 
hydroxyl, and amino group takes place in  hydrogen bonding interaction, the interaction 
is relatively weaker when compared to the strong electron withdrawing substituents and 
this is the main reason of additional non planarity of the above mentioned respective 
substituents.   It is quite interesting to note that the extent of ring distortion is small when 
compared to the corresponding para aniline derivatives, it is due to the intra molecular 
hydrogen bonding of the ortho substituents with the hydrogen atom of the amine group.    
5.7 EFFECT ON INVERSION BARRIER:   
Generally the ortho substituents have a less remarkable effect in reducing the inversion 
barrier height when compared to the relative para derivatives.  Steric effects and 
electrostatic interaction were the two prime factors plays a central role in decreasing the 
inversion barrier heights.  The Figure 5.1 depicts that the relationship between carbon 
nitrogen bond distance and inversion angle yielded a straight line and it discloses that 
there was no much distortion by ortho substituents.  Generally the electronegative 
substituents drastically reduce the inversion barrier due to the strong electrostatic 
interaction and strong π conjugation between carbon atom of the ring and nitrogen atom 
of the amino group.  It has been shown in figure 5.2 that inversion barrier height and out 
of plane angle yielded a linear relationship as similar to para derivatives and again it was 
elucidated the fact that inversion barrier increases with out of plane angle and inversion 
angle. The strong π conjugation establishes sp2 hybridization between the carbon atom of 
the ring and nitrogen atom of the amino group, which consequently shortens the C–N  
bond length; thereby it accounts for nearly planar structure101.  Electron donating 
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substituents primarily establishes steric hindrance between the carbon atom of the ring 
and nitrogen atom of the amino group and thereby increases the inversion barrier.   The 
electron donating substituents in the ring increases the electron cloud around the nitrogen 
atom of the amino group and accounts for sp3 hybridization between carbon and nitrogen 
atom, which consequently lengthens the carbon nitrogen bond and causes pyramidal 
configuration of the amino group.    
5.8 EFFECT OF ELECTRON ATTRACTING SUBSTITUETS:   
The potent electron attracting substituents such as –NO2, -CHO and –COOH group makes 
the amino group nearly planar configuration primarily by the electrostatic hydrogen 
bonding attraction.  It is clear from the table 5–I that the –NO2, -CHO and –COOH group 
have the shortest distance between the oxygen atom of the respective substituents and 
hydrogen atom of the amino group; -NO2 group has the value of 1.899Ǻ,  -CHO has the 
value of  1.936Ǻ, and –COOH group has the value of 1.965Ǻ.   The shortest distance 
between the oxygen atom of the substituent group and hydrogen atom of the amino group 
unambiguously shows that strong electrostatic hydrogen bonding interaction exist 
between both the groups.  Although very short distance is observed between the hydrogen 
atom of the amino group and oxygen atom of the respective substituents for the nitro, 
aldehyde and carboxyl group, the substituents such as fluorine and chlorine also have a 
very close distance in the aniline molecule; chlorine has the value of 2.557Ǻ and fluorine 
has the value of  2.325Ǻ and hence the both substituents establishes a weaker intra 
molecular interaction between  hydrogen atom of the amino group and the respective 
substituent atom.  On account of the weaker intermolecular interaction both chlorine and 
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fluorine substituents have mild inversion barrier height of 491.91 cm-1 and 380.34 cm-1.  
From the table 5–II it was found that nitro group has the out of plane angle value of 
14.57°,  the low out of plane angle (δ) value indicates the planar configuration of the 
amino group, similarly the –CHO group has the low out of plane angle (δ) of 11.83° and 
accounts for planar structures.  It is quite interesting to note that both the substituents 
yield low value for the out of plane angle with corresponding decrease in carbon nitrogen 
bond to the value of 1.350Ǻ,  and this value is corresponding to the double bond 
character of C–N atoms.  The shortening of the C–N  bond forms double bond character 
between them and thereby it accounts for the  sp2 hybridization between carbon atom of 
the ring and nitrogen atom of the amino group, which disperses the electron density 
around nitrogen atom and makes the molecule more planar.   
Besides the two substtituents establish a strong resonance effect between the amino group 
and the attached substituent at the ortho position, the resonance effect is also one of the 
major factors that contributes to the double bond character between C–N atoms and 
thereby stabilizes the molecule more and causes for the drastic reduction in the inversion 
barrier.  Both the nitro group and aldehyde group establish a strong resonance with the 
ring and causes more stabilization of the molecule; meanwhile it reduces the inversion 
barrier by the resonance phenomenon to 34.65 cm-1 and 26.36 cm-1 and causes a planar 
structure of the amino group.   The substituents such as –CN and –COOH group also 
have the same effect as nitro and aldehyde groups.   Among the eleven selected ortho 
substituents for this study, the substituent  nitroso group acts as the powerful electron 
attracting substituent  due to its strong inductive effect (–I) effect & strong resonance (-R) 
effect, it withdraws electron from the ring.  The triple bond linkage between nitrogen and 
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oxygen atom of the nitrosyl group establishes strong π-π conjugation between the nitroso 
group and the ring, moreover the higher electro negativity oxygen atom forms stronger 
intermolecular hydrogen bond with the amino group hydrogen atom and thus accounts for 
perfect planar structure without allowing pyramidal configuration of amino group and 
hence there is no pyramidal structure of amino group is available.   On account of the 
absence of pyramidal configuration of the amino group, the inversion barrier does not 
exist for the nitroso group and molecule becomes planar in nature.     
5.9 INFLUENCE OF ELECTRON DONATING SUBSTITUENTS:  
The ortho effect plays a vital role in electron donating substituents.  The electron 
donating groups such as –CH3,  -OH and -NH2  establishes a greater steric hindrance 
around the nitrogen atom of the amino group.  In the case of the methyl group, it has no 
hetero atoms to form intramolecular hydrogen bonding and hence due to greater repulsion 
between the non bonded electrons present in the nitrogen atom of the amino group and 
bulky methyl group it establishes greater steric hindrance and thereby accounts for 
relatively higher inversion barrier among the electron donating substituents.  The 
substituent such as hydroxyl group yields lower inversion barrier when compared to 
corresponding electron donating –CH3 substituent which was due to the weak 
intramolecular hydrogen bonding interaction between oxygen atom of the hydroxyl group 
and hydrogen atom of the amino group. The substitution of the amino group at the ortho 
position places a huge steric hindrance,  nearly three fold the value of the of –CH3 group, 
which is primarily due to the powerful repulsive interaction between the non bonded 
electrons present in the nitrogen atom of the amino group and nitrogen atom of the ortho 
substituent.   On account of the powerful repulsive interaction between the nitrogen 
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atoms, it would not allow the weaker intramolecular interaction hydrogen bonding 
between the hydrogen atom of the amino group and nitrogen atom of the ortho 
substituent.  Invariably all the electron donating substituents increases the C-N bond 
length, when compared to the corresponding electron with drawing substituent.  However 
the magnitude of the increase in C–N bond length of the electron donating substituents is 
smaller when compared to the corresponding para aniline derivatives, which is attributed 
to the presence of steric hindrance in the ortho position, where as there was no such a 
effect is observed in para derivative aniline, contrarily it establishes the hyperconjuative 
effect in the respective molecules.    
5.10 EFFECT OF ELECTRON DONTATING SUBSTITUENT ON INVERSION 
BARRIER:  
The ortho substituents have a moderate effect on the inversion barrier due to the steric 
hindrance and the weaker intermolecular hydrogen bonding attraction.  Figure 5.2 shows 
that inversion barrier height has been in linear relation with the out of plane angle as 
similar to the para derivatives.   The methyl group substituent has slightly decreases the 
H-N-H angle from 111.168º to 110.95°, however it increases the inversion angle and out 
of plane angle and has the value of 42.93° & 45.58º, The increase in inversion angle and 
out of plane angle accompanied with an increase in the C–N bond length and accounts for 
the more pyramidalization of the amino group. The computed inversion barrier height of                      
2-methylaniline is 530.67 cm-1, which is in fair agreement with the experimentally90 
determined inversion barrier height of 558 cm-1.  It should be mentioned that the barrier 
height for 4-methylaniline has the value of 587 cm-1 which is higher in value of 2-methyl 
aniline which has the value of 530.67 cm-1, the larger value of the inversion barrier for 4-
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methyl aniline shows that hyperconjugative effect overweighs the steric hindrance and 
proximity effect of 2-methyl aniline accounts for decrease in inversion barrier.  Hence 
hyper conjugative effect and positive inductive effect were attributed to higher value of 
inversion barrier for the 4-methylaniline when compared to 2-methylaniline.  It is quite 
interesting to study the –OH group because although the hydroxyl group is electron 
donating group its influence at the ortho position is drastically reduced.  The computed 
H-N-H angle for the hydroxyl group is 112.08º, which is greater than the value for the 
aniline molecule which has the value of 111.16° and this marginal increase indicates that 
–OH group favors planar structure than aniline molecule.   
The electron donating hydroxyl group –OH should decrease the H-N-H angle whereas 
contrarily it increases the H-N-H angle and accounts for ring opening of the amino group; 
meanwhile the corresponding para substitution accounts for the decrease in H-N-H angle 
and has the value of 109.99º.  The increase in H-N-H angle value for the hydroxyl group 
is delineated by the existence of electrostatic intramolecular hydrogen bonding between 
the oxygen atom of the hydroxyl group and hydrogen atom of the amino group.  Hence 
the electrostatic intramolecular hydrogen bonding interaction unambiguously accounts 
for the ring opening of the hydroxyl group and thereby reduces the inversion barrier and 
accounts for the flattening of the amino group.  On account of weaker intermolecular 
hydrogen bonding interaction the hydroxyl group at the ortho position yields an inversion 
barrier even lower than aniline of 496.68 cm-1, whereas its corresponding para derivative 
yields a higher value for inversion barrier 692.35 cm-1;  the huge increase in inversion 
barrier is attributed by the resonance effect and positive inductive effect experienced by 
the hydroxyl group.  The substituent such as amino group at the ortho position establishes 
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a strong steric ortho effect and thereby heavily twists the amino group out of the plane.  
Among the ten ortho derivatives selected for these studies, amino group at the ortho 
position has acquired greater value for the C–N bond length of 1.4Ǻ, inversion angle (ω) 
of 48.54° and greater tilt angle of 3.8º.  The greater increase in inversion angle and tilt 
angle leads to the huge value for the out of plane angle 52.34°.  The sharp increase in tilt 
angle and out of plane angle accompanied with significant decrease in H-N-H angle to 
109.77º.   The sharp increase in out of plane angle is primarily due to the strong steric 
interaction of non bonded electrons present in both the nitrogen atom at the very 
proximity and this strong steric effect drastically reduces the p-π conjugation between the 
amino group and ring and thus increases the barrier height to large value of 1101.75cm-1.   
However it is quite interesting to note that substitution of methoxy group at the ortho 
position does not increase the inversion barrier height contrarily it reduces the barrier 
height drastically by strong intra molecular hydrogen bonding between the hydrogen 
atom of the amino group and oxygen atom of the methoxy group.  As per the linear 
relationship between the out of plane angle and barrier height depicted in the figure 5.2, 
the out of plane angle value of 47.39° methoxy substituent should have the corresponding 
barrier height of at least 490 cm-1 to 590cm-1, but contrarily it has the barrier height of 
121.2 cm-1; this apparently reveals the presence of intra molecular hydrogen bonding 
between oxygen atom of the methoxy group and hydrogen atom of the amino group.   
The effect of electron donating substituent studies shows that steric ortho effect, the 
positive inductive effect and weaker electrostatic hydrogen bonding interaction accounts 
for the moderate inversion barrier for all the substituents except amino substituent.   
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5.11 CONCLUSION: 
It was concluded from the results and discussion that the substitution of electron donating 
and electron withdrawing substituents at the ortho position strongly experience the ortho 
steric effect and strong negative resonance effect and thereby it alters the inversion angle 
(ω) and tilt angle (є) and C–N bond length of the respective molecule drastically.  The 
electron attracting substituent at the ortho position establishes strong intramolecular 
hydrogen bond between oxygen atom of the substituent and hydrogen atom of the amino 
group.  Besides the strong electrostatic hydrogen bonding attraction, the electron 
attracting substituent experiences a strong resonance effect, which consequently reduces 
the inversion angle, tilt angle with shortening of the C–N bond length and thus accounts 
nearly planar structure with low inversion barrier height.   
The electron donating substituents generally accounts for ring closure of the amino group 
by decreasing the H-N-H angle and widely increases the inversion angle and tilt angle.  
The bulky electron donating substituents depending on its size, it  establishes a strong 
ortho steric effect which twist the amino group by reducing  the p-π conjugation between 
amino group and the ring and thereby  places the nitrogen atom out of plane angle.  The 
electron donating substituents especially the hydroxyl group and methoxy group 
establishes a weak intermolecular electrostatic hydrogen bonding interaction between the 
oxygen atom of the respective substituent and hydrogen atom of the amino group in 
addition to the ortho steric effect.  The weaker intermolecular hydrogen bonding 
interaction relatively engenders the barrier heights, when compared to the corresponding 
para counter parts.  The study of ortho substituted aniline revealed that electron attracting 
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substituents strongly affects the energetic property such as inversion barrier by 
intramolecular hydrogen bonding and accounts for nearly planar structure, where as 
electron donating substituents strongly exhibits steric ortho effect, which consequently 
increases the electron density around nitrogen atom by sp3 hybridization between carbon 




















TABLE 5– I 




















of the amino 
group.  (Ǻ) 
1 H 5.83 487.50 5.97 499.23             2.419 
2 -F 5.71 477.35 5.88 491.91 2.325 
3 -OH 5.89 492.43 5.94 496.68 2.288 
4 -CH3 6.10 510.14 6.35 530.67 2.543 
5 -CN 2.58 215.45 2.40 200.92 2.836 
6 -NO2 0.11 9.48 0.42 34.65 1.899 
7 -Cl 4.55 380.58 4.55 380.34 2.557 
8 -COOH 4.27 356.96 4.68        391.01 1.965 
9 -NO - - - - - 
10 -CHO 0.127 
 
10.62 0.32       26.366 1.936 








































angle°(є) δ –Angleº 
H 111.16 1.397 42.35 2.5 44.85 
      -F 112.22 1.390 42.312 2.79 45.10 
      -NO2 120.99 1.350 12.315 2.26 14.575 
     -OH 112.08 1.390 43.37 3.00 46.37 
     -CH3 110.95 1.390 42.931 2.65 45.581 
     -CN 114.58 1.370 31.848 2.02 33.86 
   -COOH 116.65 1.370     28.387 3.13 31.51 
    -Cl 113.08 1.380 39.144 2.30 41.444 
     -NO ----- ----- ------ ----- ------ 
    -CHO 120.82 1.350 10.78 1.05 11.83 
     -NH2 109.77 1.400 48.54 3.8 52.34 
-OCH3 112.04 1.390 44.69 2.7 47.39 
  







































































G3XMP2 INVERSION STUDIES OF META SUBSTITUTED ANILINES 
6.1 INTRODUCTION:  
Substituents attached to the benzene ring of aniline produces large structural and 
reactivities as well.  In the earlier section, the substituents effect of aniline at para and 
ortho position were studied in detailed manner.  The substituent at both the para and ortho 
position alters significantly the out of plane angle (δ), C–N bond length and energetic 
inversion barrier depending on the electron donating and electron withdrawing 
substituents102.  The linear relationship obtained between out of plane angle and inversion 
barrier for both ortho and para substituents explicitly show that greater the inversion and 
tilt angle the greater will be the magnitude for the inversion barrier.  In both substituent 
effect ortho and para studies, it has been shown that on the basis of resonance theory, 
electron withdrawing substituents, especially at the para position favors quinoid 
resonance structures, which are more planar than aniline itself decreasing both the out of 
plane angle (δ) and the C –N bond length, with increase in H-N-H bond angle and 
accounts for sp2 hybridization between the carbon and nitrogen atom.  Conversely the 
electron donating substituents favors the kekule type structure with more nearly 
tetrahedral conformations at the nitrogen atom and hence increases the out of plane angle 
value and C–N  bond length value with a significant decrease in H-N-H angle  and 
accounts for the sp3 hybridization between carbon atom of the ring and nitrogen atom of 
the amino group.    This same reason is suggested for the electron withdrawing 
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substituents of low energetic inversion barrier and electron donating substituent with 
higher energetic inversion barrier.  
6.2 COMPUTATIONAL PROCEDURE:    
The computational procedure employed for the meta aniline derivatives is similar to para 
aniline derivative and all the optimization procedure and single point energy calculation 
were derived from the G3XMP2 theory.   The molecular structures of all the aniline meta 
derivatives were optimized using DFT B3LYP/6-31G (2df,p) level of theory and 
frequency calculation of the optimized structured were carried out at the same level of 
theory employed for the optimization procedure.  For each substituent two structure viz 
equilibrium (non-planar) and transition state (planar) were performed.  The transition 
structure (planar) was identified by the characteristic imaginary frequency of the 
corresponding molecule.   A Single point energy calculation of optimized structure was 
performed QCISD(T)/6-31G(d), G3MP2L and more accurate HF/G3XL level of theories.  
All the calculations were performed using the GAUSSIAN 98 program63.  Finally the 
calculation of totally energy was arrived at using the G3XMP2 theory; the details of 
G3XMP2 theory were explained elaborately in chapter II.  The transition from 
equilibrium structure to planar structure were accompanied with an imaginary frequency, 
each and every meta  substituents taken for studies gives a single imaginary frequency 
when it takes the planar form.  The geometrical parameters of para substituted aniline 
such as inversion angle, tilt angle, C–N bond length  and out of plane angle were very 
close to the experimentally observed values.  Besides the inversion barrier height 
computed for the para substituted anilines were in well agreement with the experiment 
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value.  Hence with reference to the para derivatives, the same accuracy could also 
tentatively applicable to all the meta aniline derivatives studied using the G3XMP259 
theory.  The following section will address the substituent effects in a detailed manner. 
6.3 RESULTS AND DISCUSSION 
6.4 STRUCTURE OF META ANILINE DERIVATIVES:  
The distortion of ring by meta substituents is smaller when compared to the 
corresponding ortho and para derivatives.  It was apparent from the Figure 6.1 that a 
straight line is obtained for the relationship between inversion angle and C–N bond 
distance.  In general meta substituents do not have much influence on the structural 
parameters and it is obvious from the figure6 (a) that meta substituent x is unable to 
establish resonance forms.  It is quite fascinating to note that C–N bond length value 
shown in table 6-II remains constant except –NO2, and -CN for all the substituents 
irrespective of electron donating and electron attracting nature. The above phenomenon is 
contrary to the earlier section of the ortho and para substituted anilines; both have the 
characteristics of a significant increase in C–N bond length for the electron donating 
substituents and a notable decrease in C–N bond length for the electron attracting 




Fig. 6(a)  
 101
As mentioned earlier, the constant value of C–N bond length indicates the lack of 
interaction between amine nitrogen atom and carbon atom of the ring.  Not only the C–N 
bond length remains constant for all the substituent except for a nitro group and cyano 
group, the bond angle H-N-H also follows the same trend, it was clear from the table 6–II   
that except nitro, cyano, nitroso and amino group all substituents have the value of 111°.   
Only a marginal difference exists between the cyano, nitro, nitroso and amino group with 
the above constant value.   
Although the constant value were obtained for the C–N value and H-N-H bond angle; the 
powerful electron attracting substituents especially –NO2, -CN & -NO slightly decrease 
the carbon nitrogen bond length and increases H-N-H bond angle and thus it accounts for 
additional planarity, similarly the powerful electron donating substituents such as amino 
group at the meta position slightly increases the C–N bond length and slightly decreases 
the value of H-N-H value and thus accounts for non–planarity.  For both the substituents, 
the deviation from the planarity and non-planarity is very less when compared to the 
corresponding ortho derivatives where the steric effect outweighs the resonance effect 
and in para derivatives where positive inductive effect and resonance plays a vital role 
without steric effects.  It was quite evident that substituent position plays larger role in 
molecular structure, structural conformations and reactivities as well.  Moreover figure 
6.2 shows same trend as of ortho and para substitutents and a linear relationship between 
the out of plane angle and inversion barrier height is observed and hence the inversion 
barrier height increases with out of plane angle. 
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6.5 EFFECT OF ELECTRON ATTRACTING SUBSTITUENTS ON INVERSION 
BARRIER: 
The effect of electron attracting substituents at the meta position on the ring  is relatively 
less when compared to the corresponding ortho and para position which affects the 
structure drastically.  Because, in both cases the effects are transmitted through the 
aromatic π system, whereas in meta position it takes place purely by inductive effect. The 
cause for the lack of interaction between the meta substituent and the aromatic π system 
is due to the non availability of electron for resonance structure of conjugated double 
bonds in the aromatic ring, whereas resonance structure at the para and ortho position is 
available for the interaction of the respective substituent with π system of the aromatic 
ring.  It was quite clear from the table 6–I that all the substituents at the meta position 
have relatively higher inversion barrier.   
The electron attracting substituents such as –CHO and –COOH group have very little 
effect on the ring distortion and energetic barrier for inversion.  The same substituent at 
the para position and ortho position favors more planar structure, whereas at the meta 
position both the substituents have greater out of plane angle and thereby favors more 
pyramidal structure of the amino group with significant increase in energetic inversion 
barrier.   Both the substituents    –CHO and –COOH have the out of plane angle value of 
42.55° and   43.32º when compared to the corresponding para substituents which has the 
value of 25.77º and 38.24°.  It was clear from the above discussion that the electron 
attracting substituents at the meta position largely deviates from the planarity and favors 
pyramidal configuration of the amino group.   
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The main reason for the unusual behavior of the electron attracting substituents is due to 
the absence of direct interaction of substituent with the π system of the ring and it 
consequently reduces the options of electron delocalization between the substituent and 
aromatic ring.  In the para aniline derivatives the electron attracting substituents strongly 
interacts with the  π system of the ring and there by reduces the electron density around 
the nitrogen atom and decreases the out of plane angle value and thus favors the planar 
configuration.   It was clear from the table 6–I  that both the substituents –CHO & -
COOH   have the corresponding energetic inversion barrier of 422 cm-1 and 462 cm-1 and 
this barrier clearly indicates that electron attracting substituents at the meta position do 
not have much influence on reduction of electron density around nitrogen atom of the 
amino group, however the drastic reduction in electron density around nitrogen was 
observed for para and ortho derivatives.   
The rest of electron attracting substituents such as –CN, -NO2, and –NO group also 
follows the same trend as explained for the –CHO and –COOH group.   All the three 
substituents also do not have much influence in the meta position as in the ortho and para 
position.  The out of plane angle of three substituents –CN, NO2, and –NO group has 
almost the same value of  41.49º, 41.26° and 42.17º respectively.  The constant value of  
out of plane angle (δ) indicates that stronger electron withdrawing substituents and 
moderate electron withdrawing substituents have the same effect on the out of plane 
angle and its consequence has approximately same magnitude in inversion with a 
marginal deviation between electron donating and electron withdrawing substituents.   
The respective inversion barrier heights of –CN, -NO2 and –NO are 394.41cm-1, 372.04 
cm-1 and 383.47 cm-1.  The powerful electron withdrawing substituent –NO group has the 
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reasonable energetic inversion barrier, the same substituent due to the strong 
intramolecular hydrogen bonding and negative inductive effect at the ortho position do 
not allow the structure to assume the pyramidal configuration, however at the meta 
position due to non-availability of strong interaction with the π system of the ring, it 
cannot withdraw the electron from the amino nitrogen and thereby accounts for 
pyramidal configuration.   The lack of interaction of nitroso group with the ring is due to 
the inability of resonance stabilization at the meta position and due to its consequence it 
cannot strongly withdraw the electron by resonance phenomenon from aromatic π 
system. The substituent –CN, and -NO2 group also follows the same phenomenon as 
explained for the –NO group.  In sum the electron attracting substituents at the meta 
position have the moderate effect on the structural distortion and the inversion barrier.   
6.6 EFFECT OF ELECTRON DONATING SUBSTITUENT:   
Electron donating substituents at the meta position have moderate effect on raising the 
energetic inversion barrier and structural distortion of the ring.  The electron donating 
substituents at the meta position behaves almost same as in the para position.  The 
powerful electron donating substituent such as –OH and –CH3  have their out of plane 
angle value and H-N-H angle value of 44.33° & 111.45º and 44.97° & 111.13º, whereas 
the same substituents at the para position have the corresponding out of plane angle value 
of 48.0° and 45.0º.   From the above discussion it was apparent that –OH group 
experiences strong +I, and +R   effect at the para position and thereby attains higher out 
of plane angle; the same –OH group at the meta position would not supply surplus 
electrons by +R effect to the nitrogen atom of the amino group, as a result the –OH group 
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has low value of out of plane angle 44.33° when compared to the 48.0º at the para 
position.  The lower out of plane for the –OH group at the meta position yields relatively 
lower inversion barrier of  654.60 cm-1, when compared to its counter para derivative 
which has the value of 692.35 cm-1 due to higher value of the out of plane angle.   The C–
N bond length for the –OH group at the meta position has the value of 1.39Ǻ, accounting 
for the sp2 hybridization takes place between the carbon and nitrogen atom; the same 
substituent at the para position has the C–N bond length value of 1.406Ǻ, which is due to 
the increased electron density around the nitrogen atom and accounts for sp3 
hybridization of carbon atom of the ring and nitrogen atom of the amino group.  From the 
discussion of the –OH group at the meta position with the relative comparison of the para 
position, it was concluded that due to the lack of mutual interaction between the π system 
of the ring, the lone pair electron of the –OH substituent, attains no possibility of 
contributing the electrons by resonance phenomenon, whereas apparently by the +I effect 
and –OH field effect only  supplies its electron to the amino nitrogen and thus yields 
moderate energetic barrier to inversion.    
The bulky methyl group at the meta position experiences insignificant effect with respect 
to the corresponding para derivative, however it has only marginal difference with 
corresponding para derivative.  The prime reason for the under performance of the methyl 
group at the meta position is due to the lack resonance stabilized structures at the meta 
position. In the para position the hyperconjugative effect outweighs the positive inductive 
effect as a result, it stabilized the molecule by increasing the electron density around 
nitrogen atom and yields reasonably higher inversion barrier of 588 cm-1, where as at the 
meta position the bulky methyl group could not experience the “hyperconjugative effect” 
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and as a result it donates its electron by positive inductive effect and as its consequence it 
attains relatively low energetic barrier to inversion of 534.1 cm-1.   The computed 
inversion barrier of the 3-methylaniline structure value is very close to the experimentally 
determined inversion103 value of 528 cm-1. Other than 3-methyl aniline no literature value 
is available for the other meta substituted aniline; with reference to the close agreement 
of experiment and computed value of parent aniline molecule, the accuracy could 
tentatively extended to all the meta substituted aniline.  Similarly the C–N bond length at 
the para derivative has the value of 1.399Ǻ, whereas at the meta position which has the 
value of 1.390Ǻ; the reduction in the C–N bond length could be due to the sp2 
hybridization between carbon and nitrogen atom which accounts for more planar 
structure. The relationship between H-N-H angle and inversion angle is same as in para 
aniline derivatives,  the meta derivative especially the electron donating substituents 
decreases the H-N-H angle with a remarkable increase in the out of plane angle and slight 
increase in carbon nitrogen bond length.   
As similar to the para substituents generally all the electron donating substituents 
accounts for more stability of the entire molecule by getting less polarized by the 
substituents, whereas in case of electron withdrawing substituents the molecule was 
strongly polarized by the electron withdrawing substituents by –I effect which makes the 
entire molecule relatively less stable.  Among the electron donating substituent the most 
powerful electron donating substituent such as –NH2 group at the meta position do not 
affect the structural parameters and inversion barrier as did it in the para position.  It  was 
clear from the table 6–I  that the –NH2 group at the meta position has yielded the 
inversion angle (ω) of  43.23° and C–N bond length value of  1.39Ǻ, both the values are 
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relatively very less when compared to the corresponding para derivative which has the 
value of 109.68º and 46.56° for the H-N-H bond angle and inversion angle, whilst the out 
of plane angle value for the meta position is very low 45.79º, whereas the same 
substituent at the para position yields the value of 49.39° and hence it was obvious that 
substituent position in a ring plays a central role in reactivities and stability of the system.  
The lower value for the inversion angle (ω) and C–N bond length is attributed to the fact 
that the lone pair of electron present in nitrogen cannot directly interact with the π system 
of the ring and as a result the π–π conjugation is totally reduced.   In the absence of π–π 
interaction the resonance effect of the amino group at the meta position donates electron 
solely by remote positive inductive effect and thereby it causes less electron density 
around nitrogen atom of the amino group.   
As a result of the decrease in inversion angle (ω) and out of plane angle (δ) and decreased 
electron density around nitrogen atom, the amino group substituent at the meta position 
yields relatively low energetic barrier for inversion of 546 cm-1, whereas the same 
counter para derivative yields  energetic barrier to inversion of 739 cm-1.  Especially for 
the amino group it has huge difference in inversion barrier value between para and meta 
position and this remarkable difference disclosed the fact that electron donating 
substituent at the meta position favors more stable pyramidal configuration.  As observed 
in para position, in meta position also, the out of plane angle increases with increase in 
inversion barrier.  The electron donating methoxy group has also moderate effect on the 
inversion barrier when compared to the corresponding para derivative.  The electron 
donating nature of the methoxy group widens the out of plane angle to the value of 
45.44º, however the value is less when compared to the para derivative.  Again it was 
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obvious that although the powerful electronegative oxygen atom attached to the methoxy 
group, it could not establish the resonance phenomenon to increase the  π-π interaction of 
the system and as a result it could not increase the electron density around nitrogen atom 
of the amino group.  The lack of electron density around the nitrogen atom of the amino 
group keeps the C–N bond length value of 1.390Ǻ without the further increase of 1.400 
as observed in para derivative.  The absence of resonance phenomenon at the meta 
position for the methoxy substituent yields the lower value of the inversion angle 42.90° 
and inversion angle value of  45.44º and thereby accounts for the optimum value of the 
energetic inversion barrier 540.74 cm-1, whereas its counter para derivative due to the 
resonance phenomenon and strong π-π interaction with the ring it increases the inversion 
angle value to 45.63° and out of plane angle 48.37º and thus accounts for higher energetic 
barrier for inversion with the value of  694.25 cm-1.   Generally the electron donating 
substituents at the meta position is relatively less stable and more reactive when 
compared to the corresponding para derivates. 
6.7 CORRELATION BETWEEN HAMMET CONSTANT AND INVERSION 
        BARRIER:  
Hammett σ constants were initially developed to describe the electronic influences of 
substituents on chemical reactions and its equilibria.  Hammett constants for the Meta 
substituents were in fairly good relation with the inversion barrier heights.  It was 
apparent from the figure 6.3, that the Hammett constants for the meta substituents were in 
linear relationship with the inversion barrier heights and there is no much deviation from 
the para substituted aniline.  Both have the good relation with inversion barrier height.  It 
has been interesting to note that from the table 6–I that electron withdrawing substituents 
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have quite large values of Hammet constants which indicates the stronger the electron 
withdrawing substituents greater the acidity of the molecule; contrarily the electron 
donating substituents have the negative values for the Hammett constants indicates that 
stronger the electron donating tendency has lower the acidity.  Among the electron 
withdrawing substituents the nitro group has the highest Hammett constant value and 
stronger electron withdrawing capacity with lower inversion barrier height.   Generally 
the electron donating substituents have the lower values of the Hammett constants and 
amino group is the one which has the lowest values of  -0.16 among the electron donating 
substituents  of stronger electron donating property with huge inversion barrier height.  
From the above studies and from the figure 6.3, it was concluded that the Hammett 
constants were the good index of the electron donating and electron withdrawing effects 
in parallel with the energetic barrier for inversion.    
Hammett constants for the sigma values were in fair relation with inversion barrier 
heights, whereas the Hammett constants for the inductively values significantly deviated 
from the linear region; however the deviation is relatively very less when compared to the 
corresponding para substituents; in para substituents no points lie on the linear region, it 
was largely scattered from the region.  Hence figure 6.4, unambiguously predicts that 
inductive effects contributed to a greater extent to the inversion barrier, whereas in para 
substituents the resonance phenomenon outweighs the inductive effects and yielded 
higher inversion barrier than meta substituents especially for the electron donating 




The G3XMP2 inversion study revealed that meta aniline derivatives yielded higher 
inversion barrier for the electron withdrawing substituents whereas lower inversion 
barrier for the electron donating substituents, when compared to the corresponding para 
derivatives.  This unusual behavior is attributed to the absence of resonance effect and 
domination of inductive effect positive inductive.  As similar to the para derivatives the 
electron donating substituents increases the inversion angle (ω) and tilt angle (є) with the 
inversion barrier and accounts for the pyramidal configuration, but the magnitude of the 
increment is less when compared to para derivative.  The electron withdrawing 
substituents also follows the same trend of para derivative, where there is a small 
reduction in inversion barrier height when compared to the relative para derivative, and 
the reduction in energetic inversion barrier follows with decrease in inversion angle, tilts 
angle and C–N bond length and thus accounts for flattening of the amino group.  The 
flattening of the amino group was pronounced more in para derivative due to the strong 
electron withdrawing effect by resonance phenomenon and direct interaction with the π 
system of the ring, whereas the flattening of the amino group was less pronounced in case 
of the meta derivatives solely due to the lack of direct interaction with π system of the 
ring and absence of resonance phenomenon.  The meta substituent studies disclosed the 
major fact that substituent position plays a vital role in the stability and reactivity of the 
molecule.  As it has been already mention that the meta substituent is less stable and 
more reactive when compared to the corresponding para derivative which is more stable 
and less reactive and thereby it leads to the conclusion that the structure and reactivity of 
the system greatly influenced by the substituent position.    
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1 -H 5.8319 487.50 5.972 499.23 0.000  0.00 




462.14 0.52 0.34 





4 -CN 4.6924 
 
 392.26 4.718 
 
394.41 0.53 0.56 
5 -Cl 5.3330  445.81 5.350 447.26 0.47 0.37 




462.23 0.39 0.37 
7 -CH3 6.3677 532.30 6.389 
 
534.11 -0.04 -0.07 
8 -OH 7.6594  640.283 7.830 654.60 0.29 0.12 
9 -CHO 4.9862  416.818 5.047 421.94 0.25 0.35 
10 -NO 4.5367  379.245 4.587 
 
383.47 0.37 0.62 
11 -NH2 6.4302 537.53 6.5316 546.00 0.12 -0.16 
12 -OCH3 6.2940  526.14 6.4687 
 
540.74 0.27 0.12 
   





























H 111.168 1.397     42.35 2.5 44.85 
      -F 111.649 1.390 41.038 2.39  43.428 
      -NO2 112.294 1.380 38.89 2.37 41.26 
     -OH 111.447 1.390 41.944 2.385 44.329 
     -CH3 111.133 1.390 42.678 2.29 44.968 
     -CN 112.142 1.380 39.168 2.32 41.488 
   -COOH 111.747 1.390 40.906 2.41 43.316 
    -Cl 111.790 1.390 40.527 2.44    42.967 
     -NO 112.106 1.390 39.565 2.61 42.175 
    -CHO 111.963 1.390 40.097 2.46 42.557 
   -NH2 110.939 1.390 43.223 2.57 45.793 
   -OCH3 111.084 1.390 42.898 2.54 45.438 
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INVERSION STUDIES OF N &N, N ANILINE DERIVATIVES  
7.1 INTRODUCTION 
The barrier to inversion and geometry at the nitrogen atom has now been established for a 
number of aromatic amines.  Kydd103 et al has established a correlation between the 
inversion barrier and the electron density on the amine nitrogen atom.  He was also able 
to show that there is a reasonable correlation between the inversion barrier and the degree 
of non-planarity at the amino nitrogen atom.  It was well established from the previous 
studies that electron donating methyl group at all the three position of the aniline 
molecule increases the energetic barrier to inversion and favors non-planarity of the 
amino group, similarly the electron withdrawing fluorine atom at all the three positions 
decreases the inversion barrier and accounts for more planarity.   
Surprisingly the present study shows that electron donating methyl group in the N and 
NN-dimethyl aniline drastically decreases the electron density around nitrogen atom and 
accounts for nearly flat structure than aniline; similarly the electron withdrawing nature 
of fluorine atom in the N and NN-difluoroaniline steeply increases the electron density 
around nitrogen atom and accounts for the mammoth value for the inversion barrier as a 
two isomeric structures.  The unusual behavior of methyl group in N-methylaniline104 and 
N,N-dimethylaniline105 are well agreed with the microwave investigation.  Partial and 
overall replacement of hydrogen atom of the amino group by both the electron donating 
and electron withdrawing substituents greatly distorts the ring.   The drastic change in the 
inversion barrier for both the substituents were attributed to the fact that relative changes 
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of electro negativities of nitrogen and the substituents replacing hydrogen atom of the 
amino group.   
7.2 COMPUTATIONAL METHODS: 
The computational procedure employed for the N and N,N aniline  derivatives are similar 
to the ortho para and meta  aniline derivatives and all the optimization procedure and 
single point energy calculation were carried out according to the G3XMP2 series of 
calculations.   The molecular structures of all the N and N,N aniline  derivatives 
derivatives were optimized using DFT B3LYP/6-31G (2df,p) level of theory.   Frequency 
calculation of the optimized structured were also carried out at the same level of theory 
employed for the optimization procedure.  For each substituent two structure viz 
equilibrium (non-planar) and transition state (planar) were performed.  The transition 
structure (planar) was identified by the single imaginary frequency of the corresponding 
molecule.   Single point energy calculation of optimized structures were performed by 
using  QCISD(T)/6-31G(d), G3MP2L and more accurate HF/G3XL level of theories.  All 
the calculations were performed using the Gaussian’98’ program63.  Finally the 
calculation of totally energy was arrived using the G3XMP2 theory; the details of 
G3XMP2 theory were explained elaborately in chapter II.  The transition from 
equilibrium structure to planar structure were accompanied with single imaginary 
frequency, each and every   substituent of amino group taken for studies gives imaginary 
frequency when it takes the planar form.  The geometrical parameters of para substituted 
aniline such as inversion angle, tilt angle, C–N bond length  and out of plane angle were 
very close to the experimentally observed values.  Besides the inversion barrier height 
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computed for the para substituted anilines were in well agreement with the experiment 
value.  Hence with reference to the excellent accuracy of para aniline derivatives, the 
same accuracy could also be tentatively applicable to all the N and N,N aniline 
derivatives studied using the G3XMP2 theory.  The following section will discuss the 
substituent effect of N & N, N aniline derivatives in a detailed manner. 
7.3 RESULTS AND DISCUSSION 
7.4 INVERSION STUDIES OF N&N,N-DIMETHYL ANILINE:  
The computed values for the structural parameters of N,N-dimethylaniline  and inversion 
barriers heights were shown in the table 7–I  and 7–II .  The most powerful and accurate 
G3XMP2 calculation revealed that replacement of amino hydrogen atoms by the methyl 
group considerably decreases the energetic inversion barrier lower than aniline and 
accounts for nearly flat structure with negligible inversion barrier height.  The partial 
replacement of amino hydrogen atom by the methyl group in aniline molecule (N-
methylaniline) yielded the inversion angle (ω) 31.39º and out of plane angle value of (δ) 
33.43°.  It was obvious that both values were relatively less than the parent aniline 
molecules which has the ω value of  42.35° and δ value of 44.85º.  The lower inversion 
angle and out of plane angle depicts that lack of electron density around nitrogen atom of 
the amino group is due to transfer of σ charge from the ring to the substituent and transfer 
of π charge from the substituent to the ring.  On account of the strong interaction and 
transfer of charge, the C–N bond length of  N-methylaniline has acquired the value of 
1.388Ǻ corresponding to the planar geometry.  As observed in the ortho, para and meta 
derivatives of aniline the linear relationship is also applicable to N-methylaniline, which 
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has relatively lower inversion angle value of (ω) 31.39° accounts for the lower energetic 
inversion barrier height of  187 cm-1.  The lower inversion barrier of N-methylaniline is 
accompanied with the widening of the CH3–N–H bond angle which has the value of 
114.7Ǻ and accounts for flattening of entire structure.  Apart from the mutual transfer of 
σ and π charges between the amino group and substituents, the steric interactions between 
the methyl group and ortho hydrogen atoms of the phenyl group also penalized for the 
lower inversion barrier height and nearly flat structure. Partial replacement of hydrogen 
atom of the amino group by methyl group in aniline (N- methylaniline) has considerably 
lowered the inversion barrier compared to aniline.  In N,N-dimethylaniline two methyl 
groups have replaced the hydrogen atom of the amino group and the effect was more 
pronounced in N,N-dimethylaniline than N-methylaniline.  The H3C–N internuclear 
separations in N,N-dimethylaniline decreases significantly and consequently pyramidal 
form is transformed into linear form with an accompanying increase in  H3C–N–CH3 





Fig. 7(a) Fig. 7(b)  
The Figure 7(a) and 7(b) represents the N & N,N-aniline derivatives, in which the 
substituent x represents the fluorine, chlorine, hydroxyl and methyl group.  The drastic 
decrease in inversion angle yielded out of plane angle value of 15.98Ǻ.  The negligible 
out of plane angle value reveals that effect of replacing an amino hydrogen atom by a 
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methyl group enhances the donation of π charge106 to the benzene ring and thus N,N-
dimethylaniline has been identified with lower inversion barrier with the value of 64.45 
cm-1.  In case of N-methylaniline this can be regarded as being due to the hyper 
conjugation of the methyl group107. It is interesting to note that the effect of substituting 
the para hydrogen of aniline by a methyl group leads to an increase in the inversion 
barrier and well established in chapter-II.  The G3XMP2 inversion studies of N-
methylaniline and N,N-dimethylaniline disclosed the dual function of the electron 
donating methyl group.   
The substitution of methyl group at the para position increases the inversion barrier by 
the resonance and hyper conjugation effects and thereby it places huge electron cloud 
around nitrogen atom of the amino group and accounts for higher value for energetic 
inversion barrier, whereas the same methyl group when replaces the hydrogen atom of 
the amino group, the effect on inversion barrier is much less and leads to the perfectly flat 
structure.  This unusual phenomenon is attributed to mutual transfer of π charges of 
methyl group and σ charges of the system; there is no room for increasing electron 
density around nitrogen atom of the amino group.  The lack of electron density around 
nitrogen atom of the amino group accounts for nearly flat structure.  The two methyl 
groups of amino nitrogen strongly establish steric interaction with the two ortho hydrogen 
atoms of the ring and it is an alternative origin of difference between the inversion barrier 




7.5 INVERSION STUDIES OF N & N,N-DI FLUOROANILINE: 
Replacement of the hydrogen atom by fluorine atom in the amino group sharpens the 
pyramidal geometry at nitrogen below the value of tetrahedral angles, the rigidity 
increases as judged by the increase in inversion energies and the partially double bonded 
C=N becomes highly elongated in N,N-difluoroaniline.  The huge inversion barrier 
between the pyramidal and planar forms leads to the formation two conformational 
structures.  N-fluorination of aniline lowers the stability whereas ring fluorination 
enhances it108. 
7.6 GEOMETRY AND INVERSION BARRIER OF N & N,N-DIFLUOROANILINE: 
The geometrical features of N-fluoroaniline and N,N-difluoroaniline are shown in the 
table   7-I and 7-II.  The partial replacement of hydrogen atom of the amino group by 
fluorine atom elongates the partially double bonded character into a long single bond and 
hence in             N-fluoroaniline the C–N has the value of 1.41Ǻ where as C–N value for 
the aniline molecule is 1.390Ǻ.  The C–N value for the N,N-difluoroaniline is 1.488Ǻ.  
The elongation of C–N bond length accompany with increase in tilt angle and inversion 
angle.  The tilt angle (є) for N-fluoroaniline has the value of  4.67º and the inversion 
angle has the value of 57.5°   The N,N-difluoroaniline has inversion angle(ω) value of 
63.18º and tilt angle (є) value of 6.17° and  it is apparent that both the values are  higher 
than the corresponding N-fluoroaniline  and further sharpens pyramidal geometry of 
nitrogen atom of the F-N-F group.    
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 The enormously higher value of inversion angle and tilt angle places the out of plane 
angle(δ) value for N-fluoroaniline 62.17º and for N,N-difluoroaniline the out of plane 
angle value was 69.35°.  The higher value of the out of plane angle accounts for the ring 
closure of F–N–H group in    N-fluoroaniline and yielded the bond angle value of 
102.80º; meanwhile in  N,N-difluoroaniline the F –N –F group yielded the value of 
102.53°.   All the geometrical parameters observed for the N-fluoroaniline is highly 
deviated from the parent aniline molecule, the out of plane angle is almost the double the 
magnitude of aniline molecule.  The higher the out of plane angle and acute ring closure 
of fluorine substituted amino group expresses huge value for the energetic barrier for 
inversion.   
N-fluoroaniline has the inversion barrier height of 3315 cm-1; whereas the N,N-
difluoroaniline has the three fold increase in value of 10512 cm-1.  The huge value for the 
inversion barrier of N-fluoroaniline and N,N-difluoroaniline indicates that each molecule 
has great barrier between the planar and pyramidal  configuration as similar to the 
conformational isomers.  The major cause for the higher inversion barrier heights for the 
N-fluoroaniline and N,N-difluoroaniline is due to the repulsion of lone pair of electrons 
of nitrogen atom and fluorine atoms.  In the H –N –H group there is a feasibility of 
intramolecular hydrogen bond between nitrogen and hydrogen atom; besides hydrogen 
atom of the amino group is relatively low in electro negativity when compared to the 
nitrogen atoms moreover hydrogen atom do not contain any lone pair of electron and 
accounts for lower inversion barrier height in aniline; whereas in case of              F –N –H 
and F –N –F  fluorine substituted amino group, the lone pair present in fluorine atom 
strongly repels with nitrogen lone pair.   
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As a consequence of strong repulsion between the nitrogen atom and fluorine atoms it 
causes strong electron cloud around nitrogen atom and accounts for higher value for the 
inversion angle.   The geometrical values obtained for the G3XMP2 calculation were 
shown in table    7–I, which reveals that NF2 group in N,N-difluoroaniline twisted by 
69.35º around the C–N bond by an ortho-steric effect which minimizes the π overlap 
between the NF2 and ring.  Hydrogen bond is absent in N,N-difluoroaniline molecule and 
it could also be one of the major reason for the higher inversion barrier.  The fluorine 
atom at the para position withdraws the electron from the ring and thereby reduces the 
electron density around nitrogen atom of the amino group and it causes less inversion 
barrier height than aniline, whereas the replacement of amino hydrogen atoms by fluorine 
steeply increases the inversion barrier height by steric repulsion.   
7.7 INVERSION STUDIES OF N & N, N – DICHLORO ANILINE: 
The electronegative chlorine replacement of the amino hydrogen atom vigorously 
escalates the inversion barrier height.  The computed geometrical parameters were shown 
in the table   7–II, it was apparent from the table that it has the inversion angle value of 
48.63° and out of plane angle of 56.02º.   The huge value for the inversion angle is 
attributed to the lone pair repulsion of chlorine atom with lone pair of nitrogen atom.   
The increase in inversion angle accompanies with increase in C-N bond distance and it 
has the value of 1.441Ǻ.  The increase in inversion angle elongates the carbon nitrogen 
bond length to quite large values.   The heavy steric repulsion between nitrogen and 
chlorine atoms places the tilt angle from the normal 1.90° to the value of 7.385º; 
consequently which reduces the interaction of the lone pair of nitrogen atom with the 
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aromatic ring.   The lengthening of the C–N bond and increase in inversion angle steeply 
increases the inversion barrier height and attains the value of         2673 cm-1.  The large 
value of the barrier height leads to the formation of two conformer’s bent and pyramidal 
forms of N, N-dichloroaniline instead of attaining the transition structure.   On account of 
the less electronegative than fluorine atom, the inversion barrier height for chlorine atoms 
has the value of 2536 cm-1 and fluorine has nearly five times the value of chlorine as of 
10688 cm-1.  Para substitution of chlorine atom withdraws electron from the nitrogen 
atom of the amino group by resonance and inductive effects, however its replacement of 
the amino group drastically escalates the inversion barrier by the steric repulsion of the 
both the lone pair, which in turn places huge electron density around nitrogen atom of the 
amino group.  The G3XMP2 studies for N,N-dichloroaniline and  N,N-dichloroaniline 
reveals that replacement of electronegative substituent of the amino hydrogen atoms 
escalates the barrier heights due to the steric repulsion. 
7.8 INVERSION STUDIES OF N-HYDROXY ANILINE:     
The electron donating substituent hydroxyl group on partial replacement of the amino 
hydrogen atom increases the inversion barrier height as similar to the electron 
withdrawing substituents and contrary to the electron donating substituents like methyl 
group.  This phenomenon contradicts the fact that replacement of the hydrogen atom by 
the electron donating substitutents accounts for the planar structure.  As discussed earlier 
that electron donating substituent methyl group decreases the barrier height and accounts 
for planar structure; unlike the electron donating methyl group, the hydroxyl group 
increases barrier height like electron withdrawing substituents by the lone pair steric  
 124
interaction of nitrogen atom and the oxygen atom of the hydroxyl group.  Although the 
hydroxyl group is strongly electron donating substituent the lone pair of the oxygen atom 
strongly interacts with nitrogen atom and leads to increase in inversion barrier.  As a 
result of steric repulsion, the carbon nitrogen single bond was highly elongated and 
attains the value of 1.41Ǻ , the elongation in carbon nitrogen bond places the huge 
inversion angle value of 52.32°  and tilt angle 3.83º  and which in turn increases the out 
of plane angle to the value of  56.15°.  The out of plane angle value was significantly 
quite high and which has the proportionate higher value for the inversion barrier height of 
2136.2 cm-1.  The huge value for the inversion barrier height reveals that two forms 
equilibrium (non-planar) and transition structure are not interchangeable and leads to the 
formation of conformations.  Unfortunately there were no literature vales and evidence 
were available for N,N-difluoroaniline derivatives, N,N-dichloroaniline derivatives and 
N-Hydroxy aniline and this chapter is the ever first G3XMP2 inversion studies of the 
N,N-aniline derivatives and its future experimental studies consolidate the computed 
values of geometrical parameters and inversion barrier.   
7.9 CONCLUSION: 
The replacement of the amino hydrogen by the electron withdrawing substituents like 
fluorine and chlorine increases the inversion barrier height to the enormous values 
ranging from 1800-10688 cm-1; the higher values for the electron withdrawing 
substituents attributed to the fact that steric repulsion of electronegative substituent and 
nitrogen lone pair electron.     As a result of steric repulsion the carbon nitrogen bond 
length is highly elongated; due to the elongation of the carbon nitrogen bond length the π-
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π interaction was reduced and consequently there was no conduit to transfer the charges 
between ring and high electron density nitrogen atom, which makes the ring highly rigid. 
Figure7.1 shows a linear relationship between the carbon nitrogen bond distance and out 
of plane angle and figure7.2 shows the scattering of points and there is no significant 
relationship between the inversion barrier height and out of plane angle, whereas 
previously the o, p, & m substituted aniline shows linear relationship with the out of 
plane angle and inversion barrier height.  The scattering points in figure 7.2 predicts the 
unusual behavior of N & N,N-aniline derivatives.   In general the G3XMP2 inversion 
studies, revealed that replacement of the amino hydrogen atom by electron withdrawing 
substituents, makes the ring highly rigid and pronounce more non-planarity, whereas the 
replacement of amino hydrogen atom by electron donating substituent without the lone 























TABLE 7–I  
 

















 125.75 10512.40 127.87 10688.9 
N,N-dimethylaniline 
 1.0772 90.0487 0.7711 64.4587 
N-fluoroaniline 
     39.66 3315.69 40.45 3381.72 
N-methylaniline 
 2.981 249.25 2.235 186.90 
N,N-dichloroaniline 
     30.35 2536.75 31.98 2673.70 
N-hydroxyaniline 
     22.70 1897.20 25.55 2136.22 
  
* Inversion barrier height with ZPC  
 
 
TABLE 7–II  
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N,N-difluoroaniline  1.448 102.53 63.18 6.17 69.35 
N-fluoroaniline 1.410 102.800 57.502 4.67 62.172 
N,N-dimethylaniline 1.380 118.473 15.624 0.36 15.98 
N-methylaniline  1.388 114.700 31.39 2.04 33.43 
N,N-dichloroaniline  1.441 107.02 48.63 7.385 56.015 




* Bond angle between substituted atoms of the amino group.     
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INVERSION STUDIES OF HETERO AROMATIC AMINES 
8.1 INTRODUCTION:   
The conjugation of an amine group with an aromatic nucleus is one of the most 
commonly discussed substituents effects in organic chemistry and its attention is usually 
focused on the chemical reactivity of the aromatic nucleus. Because of the partial 
conjugation between the amine nitrogen and the aromatic ring, the inversion barrier is 
very sensitive to changes in the electronic structure of the molecule.  Much less 
consideration has been given to how the structure and barrier to the inversion of the 
amine group are changed by the introduction of hetero atom in the ring.  The previous 
studies o, m and p substituted anilines were revealed that substituents largely affect both 
the ring structure and amine group structure. 
Moreover recent ab initio studies suggested that the amino groups of nucleic acid bases 
are intrinsically nonplanar and flexible109-111.  Apparently the nucleic acid bases are the 
derivatives of aminopyridines and aminopryimidines and hence the further investigation 
of out of plane vibration of amino group may further reinforce the non-planar geometry 
of amino group in the larger bio molecules.  If valid, this finding may have important 
biophysical consequences in the structure of DNA and molecular recognition 
process.1112-113.  An analysis of the molecular structure and conformation flexibility of 
nucleobase analogues has led to the conclusion that non-planar nature of the pyrimidine 
ring is caused by a deviation of the π character of the cyclic system from the aromatic 
ring.114-117   A microwave study of the 2-aminopyridine118 has shown that the structure  of 
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the amine group in this molecule is non-planar in nature which is significantly different 
from the parent aniline molecule and it would appear that large effects may also occur in 
the other aminopyridines.    
8.2 METHOD OF CALCULATION:  
The computational procedure employed for the aminopyridine, aminopyrimidne and 
aminopyrazine  are similar to the ortho para and meta  aniline derivatives and all the 
optimization procedure and single point energy calculation were carried out according to 
the G3XMP2 series of calculations.   The molecular structures of all the N and N,N-
aniline  derivatives were optimized using DFT B3LYP/6-31G (2df,p) level of theory and 
frequency calculation of the optimized structured were also carried out using the same 
level of theory employed for the optimization procedure.  For each substituent two 
structure viz equilibrium and transition state were performed.  The transition structure is 
identified by the single characteristic imaginary frequency of the corresponding 
molecule.   Single point energy calculation of optimized structure were performed by 
using QCISD(T)/6-31G(d), G3MP2L and accurate HF/G3XL level of theories.  All the 
calculations were performed using the GAUSSIAN 98 program63.  Finally the calculation 
of totally energy was arrived using the G3XMP2 theory; the details of G3XMP2 theory 
were explained elaborately in chapter II.  The transition from equilibrium structure to 
planar structure were accompanied with imaginary frequency, each and every   
substituent of amino group taken for studies gives imaginary frequency when it takes the 
planar form.  The geometrical parameters of para substituted aniline such as inversion 
angle, tilt angle, C–N bond length  and out of plane angle were very close to the 
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experimentally observed values.  Besides the inversion barrier height computed for the 
para substituted anilines were in well agreement with the experiment value and hence, 
with reference to the excellent accuracy of para derivatives, the same accuracy could also 
be tentatively applicable to all aminopyridine, aminopyrimidines and aminopyrazine. 
8.3 RESULTS AND DISCUSSION 
8.4 NITROGEN INVERSION IN AMINOPYRIDINES: 
The G3XMP2 inversion studies of aniline and ortho, para and meta substituted anilines 
provides useful information about the structure of the amino group in the isolated 
molecules which is free from intermolecular interactions and for all the molecules studied 
amine nitrogen is placed out of  the ring plane, which suggests the non-planarity of the 
amino group. In case amino aminpyridines, although the plane of the amino group is not 
coincident with the ring plane, the barrier to inversion is low when compared to the 










Fig. 8(a) Fig. 8(b) Fig. 8(c)  
 Figure 8(a), 8(b), and 8(c) represents the 2-aminopyridine, 3-aminopyrmidine and 4-
aminopyridine structures respectively.  Among the aminopyridines, 4-aminopyridine 
exhibits resonance phenomenon as similar to aniline molecule through sp3 hybridization 
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and thereby accounts for more flexibility of the ring.  The presence of electronegative 
nitrogen at the para position decreases the electron density of the amino nitrogen 
resulting from inductive effects through σ bonds104 and thus yielded low inversion barrier 
of 243.2 cm-1, which is approximately half the values of the inversion barrier height of 
aniline molecule, which apparently shows that introduction of highly electronegative 
atom at the para position reduces the barrier height significantly.  On account of the sp2 
hybridization between the carbon and nitrogen atom, the C–N bond length assumes 
partial double bond character of 1.380Ǻ and it increases the interaction with ring.  The 
shortening of the C–N bond accompanies with decrease in inversion angle 35.87º and 
consequently the out of plane angle value of 38.01° which is very close to the planar 
configuration of the ring.   
Meanwhile the H-N-H bond angle increases and attains the value of 113.24º leads to ring 
opening to facilitate the planar configuration of the amino group.  On account of the 
inductive effect and resonance stabilization effect, the inversion barriers of 2&4-
aminopyridines have considerably lower value than the aniline.  On account of the lack of 
literature values for the geometrical parameters and energetic inversion barrier for 
aminopyridine, aminopyrimidine and aminopyrazine, the accuracy obtained for aniline 
and its para derivatives with its experiment values could tentatively be extended for these 
systems.  In 3-aminopyridine as nitrogen atom is placed in the meta position, it cannot 
strongly interacts with the π system of the ring; besides there is no inductive effects to 
withdraw electrons through sigma bond of the ring to amine nitrogen and hence it causes 
the increase in inversion barrier equal to the value of aniline when compared to the 2&4-
aminopyridines. As similar to the o, p, m – substituted anilines, figure 8.1 depicts 
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excellent linear relationship between out of plane angle and inversion barrier height.  The 
figure 8.2 shows that the same linear relation between out of plane angle and C-N bond 
distance, but it was slightly deviated from the straight line.   
8.5 AMINO INVERSION IN AMINOPRYIMIDINES AND AMINOPYRAZINE: 
The structural non-rigidity of aromatic pyrimidine rings in adenine and other selected 
compounds has been investigated by G3XMP2 compound theory.  The results of the 
calculations in table 8–I and 8–II indicate that the pyrimidine ring possesses a notable 
degree of conformation flexibility despite its aromatic character and non planarity of the 
amino group.   The non-planarity of pyrimidine base provides useful tool to further 









Fig. 8(d) Fig. (8e)  
The transition of heterocycle planar equilibrium geometry to a non-planar structure with a 
torsion angle of 28.73Å results an inversion barrier height of 89.62 cm-1.   
Aminopyrimidines generally have lower out of plane angle and lower inversion barrier 
height due to the replacement of two hydrogen atom by two nitrogen atom in the ring, 
which consequently reduces the reduces the electron density of amino nitrogen  by 
inductive effects. The structure of aminopryimidine and aminopyrazine was shown in the 
figure (8d) and figure (8e).  In the previous inversion studies of aminopyridine the 
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replacement of single hydrogen atom by nitrogen decreases the barrier height to half the 
value of the aniline molecule by strong resonance phenomenon and it was apparent that 
replacement of more than one hydrogen atom by nitrogen atom has the inversion barrier 
half the value of 2-aminopyridines & 4-aminopyridines. Among all the 
aminopyrimidines, 4-aminopyrimidine is the molecule which has the lowest inversion 
barrier height of 9.6 cm-1.  The lower inversion barrier height is due to the strong 
interaction between the amine nitrogen and the pyrimidine ring.  It was obvious that the 
C–N bond distance of 4-aminopyrimidine molecule has the value of 1.36Ǻ which is 
nearly equal to the double bond character.  The shortening of the C–N bond accompanies 
with significant decrease in inversion angle and places the value   at 28.6° and 
consequently it has the low out of plane angle value of 30.4º.    
The partial double bond character between nitrogen atom of the amino group and carbon 
atom of the ring indicates the sp2 hybridization between C–N atom accounts for nearly 
planar structure of the molecule.  The largest decrease in the inversion barrier and degree 
of non-planarity of 4-aminopyridine & 2-aminopyridine and 2-aminopyrimidine & 4-
aminopyrimidine were due to strong resonance structures which place a formal negative 
charge on the ring nitrogen atoms which is important in reducing the electron density 
around the amine nitrogen atom.  In2-aminopyrimidine the two nitrogen atoms placed in 
the ortho position has the immense effect in reducing the inversion barrier height by 
strong inductive effects.  The two nitrogen atoms at the ortho position accounts for wide 
ring opening of H-N-H ring by attaining the H-N-H angle value of 118.44º and accounts 
for nearly planar structure.   
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The wide opening of H-N-H angle causes the drastic reduction in inversion angle to 
27.280 and out of plane angle to the value of 28.54°.  The lower value of the inversion 
angle and out of plane angle yielded menial barrier height of 69 cm-1.   The reduction in 
inversion angle and out of plane angle accompanies with shortening of the carbon 
nitrogen C–N bond to the value of 1.36Ǻ which is almost equivalent to double bond 
character and it reveals that strong π-π conjugation between the amino nitrogen and the 
ring nitrogen atom.  On account of the proximity effect the two nitrogen atom at the ortho 
position causes the 2-aminopyrimidine to attain lower inversion barrier height than 4-
aminopyrmidine and thus favors planar configuration of the structure.   
Inversion characteristics of 3-aminopyrimidine is quite different from 2&4-
aminopyrimidine, as the two nitrogen atoms were present in the meta position, the formal 
negative on the ring nitrogen by resonance stabilized structure was not available for 3-
aminopyrmidine and hence it could not disperse the electron cloud around nitrogen atom 
of the amino group by resonance phenomenon; as a result it attained the barrier height of 
432.9 cm-1 almost equivalent to that of aniline molecule.   As proportion to the barrier 
height, the 3-aminopyrimidine has the inversion angle (ω) of 39.9° and out of plane angle 
(δ) value of 42.23º relatively higher than that of the 2-aminopyrimidine and 4-
aminopyrimidine.  Since there is no feasible source to withdraw electron from the amino 
nitrogen, the carbon nitrogen bond distance attained a typical single bond value of 
1.388Ǻ and accounts for pyramidal configuration of the amino group.   Aminopyrazine a 
pyrimidine derivative also has the same geometrical features and inversion characteristics 
of 2-aminopryimidine and 4-aminopyrimidine.   
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Although the two nitrogen atoms placed in opposite positions of the pyrimidine ring, it 
disperses the electron density of the amino nitrogen through sigma inductive effects and 
accounts for partial double bond character of carbon-nitrogen atoms with the value of 
1.37Ǻ.  Although the carbon-nitrogen bond length is slightly greater than 2&4-
aminopyrimidines, the strong π interaction between amino nitrogen and the pyrimidine 
ring causes the ring opening and yielded the H-N-H value of 114.92º.   The H-N-H ring 
opening apparently accounts for the flattening of the amino group and causes the 
shrinkage of the inversion angle to the value of 35.55° and the out of plane angle value to 
37.61º.  The lack of electron density around amine nitrogen and shrinkage of inversion 
angle and out of plane angle causes the aminopyrazine to attain the low inversion barrier 
height of 230.5 cm-1. 
8.6 CONCLUSION: 
This result obtained by the G3XMP2 method demonstrates that the aromatic heterocyclic 
molecules such as aminopyridine, aminopyrimidine and aminopyrazine possess a notable 
degree of conformational flexibility and non-planarity of the ring. Therefore the nitrogen 
base in the DNA molecule is non-planar in nature and its further investigation provides 
useful tool for the structural analysis of DNA.  The inversion barrier height and inversion 
angle of the heterocyclic molecule inversely related to the number of hetero atom in the 
aromatic ring, as the heteroatom in the ring increases, the inversion barrier height and 
inversion angle decreases gradually and assumes flat structure of the molecule.  
Especially the molecule with heteroatom at the meta position remains the same as in the 
parent aniline molecule and assumes pyramidal configuration.  The drastic reduction in 
inversion barrier for the all the heterocycles is due to the sigma inductive effect and 
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formal negative charge placed on the ring nitrogen atom by resonance phenomenon.  The 
resonance phenomenon between the amino nitrogen and the ring accounts for partial 
double character of C–N bond and assumes flat structure and also accounts ring opening 
to facilitate the flat configuration of the ring.   In contrast to the aniline molecule, all the 
heterocycles including aminopyridine, aminopyrimidine and aminopyrazine favors the 
flat configuration due to the increase in decolization of the lone pair electrons of the 




































INVERSION BARRIER HEIGHT OF AMINOPYRIDINES, 
AMINOPYRIMIDINE AND AMINOPYRAZINE  
 
 



















3-Aminopyridine  5.658 473.00 5.763 481.78 



































* Inversion barrier height with ZPC  
 
TABLE  8–II  
 





H-N-H    
  Angle° 
Inversion 
angleº (ω) 
Tilt        
angle° (є) 
Out of plane 
angleº    (δ) 
2-Aminopyridine 1.380 114.341 38.30 2.08 40.38 
3-Aminopyridine 1.390 111.46 41.35 2.485 43.835 
4-Aminopyridine 1.380 113.24 35.87 2.14 38.01 
4Aminopryimidine 1.360 116.72 28.73 1.68 30.41 
2-Aminoprymidine 1.360 118.44 27.28 1.26 28.54 
Aminopyrazine 1.370 114.915 35.55 2.06 37.61 
3-Aminopyrmidine 1.388 111.85 39.894 2.34 42.23 
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INVERSION STUDIES OF BOROANILINE  
 
9.1 INTRODUCTION:  
 
Organic compounds having delocalized electrons exhibit extremely large non-linear 
responses and there have attracted a great deal of attention as prime candidates for fast 
and efficient optical devices119-121.  The optimization of materials for non-linear optical 
devices (NLO) devices requires an in-depth understanding of NLO properties on 
molecular level.  Recently the relationship between ground state geometry and NLO 
properties have been extensively investigated in a series of organic compounds which 
have electron donor and acceptor group122-123.    This model has shown that geometric 
structure –electronic structure coupling is the source of much of the fascinating physics 
of the π conjugated system. On the other hand, the power of the substituent group and the 
property of the conjugation path characterize the NLO molecules in donor-acceptor 
systems.  
 
The effect of electron with drawing and electron donating characteristics on aniline 
substitution has been well elucidated in the previous chapters in ortho, para and meta 
position respectively.  This chapter primarily focuses on the effect of metalloid 
substituent such as boron atom.  Molecules with donor and acceptor groups substituted at 
suitable position have larger consequences on their reactivity and NLO responses and 
hence the effect of metalloid substitution has been studied at ortho, para and meta 
position respectively.   Previous chapters addresses the role of electron donating group 
and electron withdrawing group on the inversion barrier, but in this chapter no electron 
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donating group or electron withdrawing group has been included.  In a novel method the 
metalloid substituent such as boron has been substituted at the three respective ortho, para 
& meta positions and the preceding section will address its effect on the inversion barrier 
height.  As it was a novel study no strong literatures for the boron substitution is 
available.   
 
9.2 COMPUTATIONAL METHOD: 
The computational procedure employed to study the effect of metalloid substituents are 
similar to the ortho para and meta aniline derivatives and all the optimization procedure 
and single point energy calculation were carried out according to the G3XMP2 series of 
calculations.   The molecular structures of all boron substituted derivatives were 
optimized using DFT B3LYP/6-31G (2df,p) level of theory and frequency calculation of 
the optimized structured were also carried out at the same level of theory employed for 
the optimization procedure.  For each substituent two structure viz equilibrium and 
transition state were performed.  The transition structure (planar) was identified by the 
characteristic imaginary frequency of the corresponding molecule.   Single point energy 
calculation of optimized structure were performed by using  QCISD(T)/6-31G(d), 
G3MP2L and more accurate HF/G3XL level of theories.  All the calculations were 
performed using the Gaussian 98 program63.  Finally the calculation of totally energy was 
arrived using the G3XMP2 theory; the details of G3XMP2 theory were explained 
elaborately in chapter II.  The transition from equilibrium structure to planar structure 
were accompanied with imaginary frequency, each and every   substituent of amino 
group taken for studies gives imaginary frequency when it takes the planar form.  The 
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geometrical parameters of para substituted aniline such as inversion angle, tilt angle, C–N 
bond length  and out of plane angle were very close to the experimentally observed 
values.  Besides the inversion barrier height computed for the para substituted anilines 
were in well agreement with the experiment value.  Hence with reference to the excellent 
accuracy of para derivatives, the same accuracy could also be tentatively applicable to all 
the boron substituted derivatives.   
 
9.3 RESULTS AND DISCUSSIONS: 
 
The results of the G3XMP2 studies has been shown in the Table 9-I and it discloses the 
fact that the effect of metalloid substituents behaves similar to the electron withdrawing 
substituents in ortho, para and meta position respectively.   Boron atom at the para 
position shortens the C–N bond to 1.37Ǻ accompanying with the shortening of out of 
plane angle (δ) to 33.41° and inversion angle (ω) to 31.47º; however it widens the H-N-H 
angle to 114.16° as similar to the electron with drawing susbstituents at the para position.  
The electron deficiency boron atom withdraws the lone pair electron of nitrogen atom by 
resonance stabilized phenomenon and inductive effect and thereby it reduces the electron 
density around nitrogen and shortens the C–N bond by strong π–π interaction and 
accounts for less energetic inversion barrier of  183.38 cm-1.   Figure (9a), (9b) and (9c) 










Fig. (9a) Fig. (9b) Fig. (9c)  
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It was clear from the figure (9a) that the ortho substitutions of boron atom forms a weak 
hydrogen bridge between boron atom and hydrogen atom of the amino group, where as in 
case of figure 9(b) para boroaniline 9(c) ortho boroaniline such a bond formation is not 
feasible.  On account of the intra molecular hydrogen bonding ortho substitution of boron 
further engenders the inversion barrier when compared to their corresponding para 
derivatives to the value of 157.81 cm-1.  The weak hydrogen bond further reduces the out 
of plane angle of 33.41º for Roth substitution to the value of 31.51° and inversion angle 
from 31.47º to 29.59°.    The C–N bond length for the ortho derivative is same as in the 
para derivative value of 1.37Ǻ.    
 
Ortho substitution of boron reveals that it forms boro hydrogen bond with the hydrogen 
atom of the amino group and thereby it yields low energetic inversion barrier.  The ortho 
and para substitution of boron atom contributes significant π – π interaction with the ring 
and thereby accounts fatten structure of the amino group.  Substitution of the boron at the 
meta position does not distort the ring as it did in the substitution of boron at the ortho 
and para position.  The double character of C–N bond is totally absent in the meta 
substitution of the boroaniline; contrarily it has the C–N bond length corresponding to 
single bond and has the value of 1.39Ǻ.   Lengthening of C–N bond accompanies with 
sharp increase in inversion angle 39.82º and out of plane angle to the value 42.28°.  The 
increase in inversion angle and out of  plane angle is due to the high electron density 
around nitrogen atom of the amino group.  The boron atom at the meta position cannot 
withdraw sufficient electrons from the electron rich density around nitrogen atom  due to 
the lack of interaction the π system of the ring.   On account of the significant increase in 
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inversion angle and out of  plane angle and lack of interaction with π system of the ring 
yields relatively higher inversion barrier height of 413.14cm-1 and thereby meta 




The effect of metalloid substituent on the aniline behaves like an electron withdrawing 
substituent.  Ortho and para substitution of boron accounts for nearly planar structure by 
attaining partial double bond character between C–N and strong π interaction with the 
ring., both the ortho and para substitution of boron yields very low barrier height of 157 
cm-1 and 183 cm-1.   The inversion barrier height for the ortho and para substitution of 
boron unambiguously proves that substitution of boron flattens the amino group and 
makes the molecule less stable.  Meta substitution of boron atom would not distort the 
ring to the significant extent and hence it accounts for the pyramidal structure of the 
amino group.  On account of the lack of interaction with π system of the ring the electron 
deficient boron atom not able to withdraw the electron from the nitrogen atom of the 
amino group and thus attains the barrier height of  413.14 cm-1.   In sum the metalloid 
substituent such as boron behaves as powerful electron withdrawing groups like nitro 
group and favors the flattened structure of the amino group present in all three ortho, para 








TABLE 9–I  
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d(C–N)  Ǻ 
 
Ortho  29.59 1.92 31.51 114.69 1.37 
 
Para  31.47 1.94 33.41 114.15 1.37 
 





TABLE  9–II 
 
















 2.04 170.59 1.88 157.81 
Para  
 2.29 192.16 2.19 183.38 
Meta  
 4.839 404.57 4.94 413.14 
 
 








10. OVERALL CONCLUSION 
 
The detailed study of the dynamics of the amine inversion in organic and heterorganic 
molecules by G3XMP2 ab initio methods reveals that the structure of amine group 
pronounced more non planar in nature.  Relationships were established ever first time 
using the expensive G3XMP2 ab initio method between the geometric parameters of the 
amine group in eleven para-substituted, ortho-substituted and meta substituted anilines.  
In a novel method an excellent relationship is obtained for energetic inversion barrier and 
Hammett constants and this relationship provides good index scale to predict the 
inversion barrier from the Hammett constant values or from the knowledge of energetic 
inversion barriers, the prediction of physical organic properties of the molecules is 
feasible.   
 
Among the molecular properties that might serve as regression indicators for the 
structural changes in the constituent molecule is Hammett constants and and pKa values.   
Similar to the Hammett constants the energetic inversion barrier is related to the pKa 
values of the constituent molecules.  A linear relationship is obtained between the pKa 
values and energetic inversion barrier and it acts as a good index to predict the 
dissociation properties of the molecule from the inversion barrier.  Examination of para 
substituent influences on the amino group geometry reveals that electron donating 
substitutents increases the inversion barrier by donating the excess of electrons to the ring 
and favors the pyramidal configuration of the amine group.  The increase in inversion 
barrier accompanied with increase in inversion angle, out of plane angle and with 
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decrease in H-N-H angle.  The electron withdrawing substituent makes the ring lack of 
electrons by strong π- π conjugation and resonance phenomenon; as its consequence very 
low energetic inversion barrier is obtained.  For the electron withdrawing substituents the 
decrease in inversion barrier accompanied with decrease in inversion angle, out of plane 
angle and corresponding increase in the H-N-H angle.  Ortho and meta substituents 
follow the same geometrical distortion and geometrical parameters variation as observed 
for the para derivatives.  However in case of ortho substituent it establishes an 
intramoleculcar hydrogen bond (ortho effect) with the hydrogen atom at the ortho 
position of the ring and hence the geometrical distortion is less when compared to the 
para derivative.    
 
Although the meta substituent follows the same trend of para derivatives, the same 
substituents at the meta position have negligible effect on the ring distortion due to the 
lack of interaction with ring for both electron donating and withdrawing substituents.   
Next to the evaluation of structure of amino group by the various substituents in the 
aniline molecule; its structural variation has been evaluated in the hetero aromatic ring.    
The inclusion of the nitrogen atom into the aromatic ring decreases energetic inversion 
barrier by the resonance stabilization of nitrogen in the ring and hence aminopyridines, 
aminopyrimidines and aminopyrazines have geometrical distortion and energetic 
inversion barrier less with respect to the aniline molecules.  The structure of amine group 
study in the aminopyridine, aminopryimidine and aminopyrazine suggests that the 
inclusion of nitrogen atom into the ring decreases the inversion barrier and thereby it 
favors the planar configuration of the corresponding molecule when compared to the 
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parent aniline molecule.  The inversion study of nitrogen compounds consolidates the 
non-planarity of amino group and hence the nitrogen base in the DNA molecule has the 
non-planar geometry.  Hence, the inversion study of aminopyridines, aminopyrimidine 
and aminopyrazine elucidates that nitrogen bases of DNA is non-planar in nature.  
Besides, the inversion study of hetero aromatic compounds proves that increase in hetero 
atom in the ring decrease the inversion barrier and pronounced towards more planarity.  
The structure of amino group in N and N,N aniline derivatives behaves as anomalous in 
nature.  The replace of amino hydrogen atom by electro negative fluorine atom leads to 
the formation of two conformers for planar and non-planar structure, whereas the 
replacement of amino hydrogen atom by methyl group accounts for the pure flat 
configuration of the amino group.   
 
The study of the N & N,N-aniline derivatives reveals key fact that electron donating and 
electron withdrawing substitutents at ortho, para and meta position behaves opposite in 
opposite manner when it was replaced the amine group hydrogen atoms in the N & N,N-
aniline derivatives.  The influence of metalloid substituent boron at the ortho, para and 
meta position has been studied.  The study reveals that substitution of boron in aniline 
molecule behaves as electron withdrawing substituent and accounts for the low inversion 
barrier and flat structure of the amine group.  In overall, the geometry of the amino group 
drastically varies with respect to the substituents and aromatic system of the ring.  In 
summary the electron withdrawing substituents favors planar structure of the amino 
group and electron donating substituents accounts for pyramidal configuration of the 
amino group.  All the substituents distorts the ring by the key geometrical parameters 
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such as inversion angle, out of plane angle, inversion barrier and carbon-nitrogen bond 
length.  Electron withdrawing substituents decreases the value of the above geometrical 
parameters and accounts for flat structure, where as electron donating substituents 
increases the above mentioned geometrical parameters and favors the non-planar 






















AMBER    –  Assisted model building with energy refinement 
AM1    –  Austin model 1 
AO    –  Atomic orbital  
B3LYP   –  Scheme for hybrid Hartree-Fock/density functional theory 
                                                 introduced by Becke 
B3LYP/6-31G (2df, p) –  B3LYP density function theory with 6-31G(2df, p) basis 
                                                 set.   
CC     - Coupled Cluster  
CHARM   –  Chemistry at Harvard Molecular mechanics  
CISDT    –  Configuration interaction with singles doubles and triples 
                                                 excitation 
CI    –  Configuration interaction  
CNDO   –  Complete neglect of differential overlap 
DZ    –  Double zeta potential function 
DNA      - Deoxyribo nuclei acid  
d(C–N)   – Carbon –Nitrogen bond distance 
DFT    –  Density functional theory  
FCI    –  Full configuration interaction method 
GGA    –  Generalized gradient approximation 
GTF   - Gaussian type function   
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G3MP2L   –  Gaussian-3 theory using reduced second order Moller 
plesset                                       theory large basis set.  
+I    – Positive inductive effect 
-I    – Negative inductive effect 
HF    –  Hartree Fock  
HF/3-21(G)   –  Hartree Fock theory using 3-21(G) basis set 
HF/G3XL   –  Hartree Fock theory using the Gaussian-3 large basis set 
HF/G3MP2L   –  Hartree Fock theory using the G3MP2 large basis set  
HLC    –  High level correction  
HUMO   –  Highest unoccupied molecular orbital 
INDO    –   Intermediate neglect of differential overlap. 
LUMO   –  Lowest unoccupied molecular orbital  
LCAO    –  Linear combination of atomic orbitals  
LDA    –  Local density approximation  
MM    –  Molecular mechanics  
MINDO   –  Modified intermediate neglect of differential overlap 
MINDO/3   –  Modified INDO version 3  
MO    –  Molecular orbital 
MP    –  Moller Plesset  theory  
MP1    –  Moller Plesset theory at first order  
MP2    –  Moller Plesset theory at second order  
MP2 (FC)   – Moller Plesset second order theory with full core 
calculations 
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MP3    –  Moller Plesset theory at third order 
MP4    –  Moller Plesset theory at fourth order   
MP4/6-31G(d)  –  Moller Plesset fourth order theory using the basis set of               
                                                6-31G(d) 
MP2(FC)/G3MP2L  –  Moller plesset second order theory full core using the             
                                                G3MP2 large basis set 
OPLS    –  Optimized potential for liquid simulations  
PES    – Potential energy surface  
PM3    –  Parametric method number 3 
QCISD(T)   –  Quadratic configuration interaction theory with single,                          
                                                 double and triple excitations  
QCISD(T)/6-31G(d)  –  QCISD(T) method using the 6-31G(d) basis set 
RHF    –  Restricted Hartree Fock method 
+R    –  Positive resonance effect 
-R    – Negative resonance effect 
SCF    –  Self consistent field theory 
STO    –  Slater type orbitals  
STO-3G   –  Slater type orbitals with 3 gaussian functions  
SO    –  Spin orbit correction 
TZ    –  Triple zeta potential function  
UHF    –  Unrestricted Hartree Fock method 
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